THIS NUMBER COMPLETES VOLUME 212 


1 VOL. 212 FEBRUARY, 1955 
of 
THE JOURNAL 
4 
OF 
BIOLOGICAL CHEMISTRY 
95 FOUNDED BY CHRISTIAN A. HERTER AND SUSTAINED IN PART BY THE CHRISTIAN A. HERTER 
MEMORIAL FUND 
105 
| 
oo | EDITED FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS 
15 ' EDITORIAL BOARD 
| 135 RUDOLPH J. ANDERSON A. BAIRD HASTINGS 
REGINALD M. ARCHIBALD LESLIE HELLERMAN 
ERIC G. BALL ALBERT L. LEHNINGER 
ARNOLD KENT BALLS HUBERT S. LORING 
KONRAD BLOCH : STANFORD MOORE 
GEORGE BOSWORTH BROWN HANS NEURATH 
HERBERT E. CARTER SEVERO OCHOA 
CARL F. CORI ESMOND E. SNELL 
EDWARD A. DOISY WARREN M. SPERRY 
JOHN T. EDSALL DEWITT STETTEN, Jr. 
JOSEPH S. FRUTON EDWARD L. TATUM 
WENDELL H. GRIFFITH HUBERT B. VICKERY 
SAMUEL GURIN VINCENT pu VIGNEAUD 
O. WINTERSTEINER 


PUBLISHED MONTHLY 
AT MOUNT ROYAL AND GUILFORD AVENUES, BALTIMORE 2, MD. 
EDITORIAL OFFICE: YALE UNIVERSITY, NEW HAVEN 


FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 


Copyright, 1955, by The American Society of Biological Chemists, Inc. 


Entered as second-class matter at the Post Office at Baltimore, Md. Acceptance for mailing 
at special rate of postage provided for in section 1103, Act of October 3, 1917. Authorized on June 29, 1918 


$6.00 per volume, United States and Canada 
$6.25 per volume, other countries 


Yearly subscription, six volumes, at the same rates 


Price 


Made in the United States of America 


| 
235 
255 
3018 
311 
325 
| 


, ee to know more about the new 
aerodynamic guard bowl ventilating system— 
the new stainless steel interior — the stainless 
steel auxiliary cover that saves valuable bench 
space — the electric tachometer — the electric 
time clock — the unique air-filtering system— 
the spring-loaded hinge — the new vibration 
dampening system which results in smooth 


INTERNATIONAL EQUIPMENT COMPANY 


FOR THE 3 
Vodern Laboratori 


The new INTERNATIONAL MODEL U is' 
more than just a Centrifuge in a 
cabinet. International’s experienced 
engineering has produced a Centrifug 
with years-ahead features and 
unmatched performance. 


operation without the “shaker” action ¢ 
over-flexible mountings — the versatility of § 
interchangeable accessory combinations. 4% 

Let us tell you more about this complete 
new Centrifuge, handsomely designed to fit @ 
with your wall counters and cabinets. Writ 
for Bulletin J explaining all these features 3 
detail. 


1284 SOLDIERS FIELO ROAD, BOSTON 35 MASS. 
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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (5) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (6) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” ‘‘personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.”” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
oft a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em. 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, vet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend bevond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 43 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, @). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8S. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 


| 3 
) 
| 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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Kimble Micro-Burette No. 17100 with detachable pla 
inum tip; Kimble Graduated Centrifuge Tube No. 45165. 


Kimble Micro-Burettes and Graduated Centrifuge Tubes 


if your work demands accuracy, demand Kimble glassware 


Micro-Burettes: You can de- 
liver drops as fine as 1/100 ml 
with the detachable platinum 
alloy delivery tip. The orifice 
is gauged to control delivery 
speed thereby delivering con- 
tents accurately. The tip, being detachable, 
is easily cleaned. Standard hypodermic 
needles may be used with this Burette. 
Micro-Burettes with conventional sealed-on 
glass tips are also available. 

Graduated Centrifuge Tubes: They are 
made from tubing having heavy, even walls. 
The tops are finished with a machine-tooled 
reinforcing bead. Dimensional specifica- 


KIMBLE LABORATORY GLASSWARE 


AN PRODUCT 


tions are held to close limits, thereby pro- 
viding optimum fit with standard centrifuge 
shields. This minimizes breakage due to 
mechanical shock. 

Burettes and centrifuge tubes are thor- 
oughly annealed to increase mechanical 
strength. Graduation lines are fine and sharp 
with fused-in permanent opaque color to 
permit easy and precise reading. Every 
burette and graduated centrifuge tube is 
individually retested for accuracy. 

Your laboratory supply dealer is ready 
with complete information. Or write Kimble 
Glass Company, subsidiarv of Owens- 
Illinois, Toledo 1, Ohio. } 


Owens-ILLINOIS 


GENERAL OFFICES+ TOLEDO1, OHIO 
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AMINO ACIDS 


A complete selection of more § 
than 100 amino acids. f 


HIGHEST PO 
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“VITAMIN FREE’’ CASEIN 
HYDROLYSATE 


Pre-tested for microbiological vitamin assays. 


NUCLEOPROTEINS—PURINES 
PYRIMIDINES 


A complete selection of all derivatives. Adenosine Triphosphate. 
Adenine Sulfate. Adenine. Adenylic Acid. Adenosine. Ammonium 
Uridylate. Cytidine. Cytidylic Acid. Desoxyribonucleic Acid. 
Guanine. Guanosine. Nucleates. Ribose Nucleic Acid. Thymine. 
Uracil. Uridylic Acid. Uramil. Xanthine. Xanthosine. 


“VITAMIN FREE’’ CASEIN 


(Hot Alcoho) Extracted) 


A valuable source of protein nitrogen of exceptional purity for 
incorporation into diets to produce vitamin deficiencies. 


MISCELLANEOUS 


BIOCHEMICALS 


Alpha Keto Glutaric Acid. Bilirubin. Cephalin. Cozymase. Cyto- 
chrome C. Dopa. Glu- 


— RITE FOR 
Hyposanthine. Pros. NEW CATALOG 


mine Sulfate. Ribose. 
Sodium Glycerolphos. FEBRUARY 1955 


OVER 1500 
ITEMS 


ial 
See Catalog for many 


Related items 


NUTRITIONAL BIOCHEMICALS 
C O R P R A Tt N 


21010 MILES AVENUE «+ CLEVELAND 28, OHIO 
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Ultrafiltration ... Bacteriological Filtration ... 
so simple with the NEW 
FILTER | 


Permitting both ultrafiltration and biological filtra- 
tion in one glass unit, the new UltraBac Filter is indeed 
the answer to difficult laboratory filtration procedures. 
For UltraBac—operated either with pressure or vacuum 
—is constructed of thick Pyrex and hence assures re- 
sistance to sudden pressure changes. Since no metal or 
rubber contacts solution, danger of contaminating fil- 
trate is eliminated. 
e Large surface area gives high flow rate 
e Easily autoclaved’as a unit 
Can jiffy forzcleaning 
e Ultrafiltration candle easily coated 
Interchangeable’parts readily available 
Made in=two sizes 

ORDER YOUR ULTRABAC TODAY! 


34-045 Large size UltraBac with 700 ml reservoir and 
1” x 8” caadle. Complete with interjoint device for seat- 
ing candle, 1000 ml collection flask, teflon gasket, and 


$42.00 
34-045A 1” x8” Ultrafine candle...................... 12.00 
34-045B 1”x 8 Fime Candle.......................... 10.00 


34-046 Small size UltraBac with 125 ml reservoir and 
54” x 4” candle. Complete with interjoint device for 
seating candle, 1000 ml collection oube. 
flanges and aluminum screws.. 


34-046A 56” x4” Ultrafine candle. 9.50 
34-046B 56”x 4” Fine candle......................... 7.50 
34-047 Parlodion 10% acetic acid 

500 ml....... $3.50 $6.50 


Simms-Machlett All Pyrex Pressure Filter 


Utilizing a porous Pyrex disc fine enough to remove bacteria, the Simms- 
Machlett Filter is ideally suited for rapid sterilization of small volumes of 
solution—up to 50 ml—under pressure. The rugged Pyrex unit—easily washed 
and sterilized—can be placed in an autoclave as a unit. Developed specifically 
for tissue culture work, the Simms-Machlett all Pyrex Filter is non-toxic... hence 
not detrimental to filtrate. 

K34-049 Simms-Machlett Filter 50 mi reservoir capac- 
ity complete as illustrated... ........... $20.00 
All Prices F. O. B. New York, N. Y. 


Macuieir & SON 
220 East 23rd Srreetr: New Yorn 10,N.Y. 
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Bae? 
« 
} 
| 
aes 
of 
i 
«2 
tong 
+ 


"Wid ‘J3SSVHVTIVL 
866 XO" 
‘M syuoquospy 


pun uoyospAyep Bul 
‘asuodsas 1dwosd pur 
‘spunod 0) WOJJ SJaUIVIUOD UI ‘pasIsap sv 
Ayuenb ut st yuaqsospe sIuUL 
PUL YIIvISaI 
ul sasn jo Ajatsea ZuIpuy st ‘uodsos 
-pe Joy paziusodaI 
‘spunodwod 
JO suonvIedas JsOW UT pasn 
paonpoid ‘uaqsospe dNayIuAs ‘snoJod ‘prey y 


AHdVYDOLVWOUHD 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


| 
‘ 
i | 
) 
T 
ta 
st 
a 
ré 
Ci 
a 
le 
si 
) b, 
Ci 
| | 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


Beginning of a MIRACLE 


The chemist watched as the steaming viscous substance started 
spinning out of the hypodermic needle fitted to a heated con- 
tainer. 

Inside the vessel was a liquid polymer. Cooled by air, the 
stream became a filament so fine it might have been taken for 
a spider’s web. 

The strand of synthesized polymer was as strong and as 
pliable as any textile fibre. And unlike earlier experimental 
results, it would wash, dry-clean and withstand heat. 

It was Nylon ... one of the first of the miracle fibres. Nylon 
came into being because of an industry’s invitation in 1928 to 
a young chemist to freely pursue any field of pure science he 
might choose. The scientist, Dr. Wallace H. Carothers, se- 
lected polymers, nature’s “giant” molecules, as his interest. 

Largely as a result of Dr. Carothers’ efforts and those of his 
associates at Du Pont, other new polymers have been synthe- 
sized to create an endless number of useful products. 

In fundamental or applied research something great may 
be as near as your next idea . . . provided you establish the 
correct experimental conditions. Naturally the apparatus you 
use plays an important part. 

hen you use apparatus made of Pyrex brand glass 7740 
you can be sure that variables are not introduced by it be- 
cause of its high chemical stability. Its mechanical and ther- 
mal strength assures long, dependable service. Your labora- 
tory supply dealer will furnish the equipment you need. 
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Pyrex laboratory ware helps 
you eliminate variables that 
can alter results. 


CORNING GLASS WORKS 
Corning, New York 


Corning means research in Glass 


PYREX” laboratory ware 
. . . the tested tool of modern research 
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PABST LABORATORIES 


qnnounces 


PYRIMIDINE- 
5 -RIBONUCLEOTIDES 


CMP 
CDP cytipine-5’-DIPHOSPHATE 
CTP cytipine-5’- TRIPHOSPHATE 


UMP uridine-5’- MONOPHOSPHATE 
UDP uripINE-5’-DIPHOSPHATE 


UTP uripine-5’-TRIPHOSPHATE 


The first commercially available preparations of the pyrimidine-5’-ribonucleo- 
tides, Pabst cytidine- and uridine-5’-mono-, di-, and tri-phosphates are now 
available as readily soluble sodium salts. These interesting nucleotides, several 
of which were first isolated in our Laboratories, are purified by ion-exchange 
chromatography. 

Pabst adenosine-5’-phosphates, AMP, ADP and crystalline ATP, are free of 
non-adenine nucleotides. Recent recognition of the role of non-adenine nucleo- 
tides in enzymatic transphosphorylations emphasizes the importance of homo- 
geneous nucleotide preparations. 


Pabst fine chemicals are purified to meet the exacting requirements of modern 
biochemical research. 


Write for our literature. 


PABST LABORATORIES 


DIVISION OF PABST BREWING CO. 


1037 WEST McKINLEY 
MILWAUKEE 3, WISCONSIN 
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LIQUID SCINTILLATION DETECTOR 


— unique CE-1 Liquid Scintillation De- 
_ tector is designed primarily for counting samples 
of low energy beta emitters such as C-14 and 
_ Tritium, which can be prepared in liquid form. 
_ Efficiencies of approximately 75% for C-14 and 
, 20 to 25% for Tritium can be obtained with this 
unit. The total sample volume is 50 cc and sample 
_ preparation is extremely simple. 
_ An extremely low background of only 200 to 
_ 250 CPM is obtained by refrigeration of the pho- 
_ totubes, use of a dual-channel coincidence ampli- 
fier which passes only pulses which occur at the 
same time, and an overpulse rejection circuit. 
_The two photomultiplier tubes with preampli- 
| fiers and a scintillation cell are mounted inside a 
| lead shield in a small refrigerator. Samples may 
_ be stored in the dark before counting and a glove 
port permits transferring samples without ex- 
posure to light. 


| TL 59 contains complete details and 
will be sent upon request. 
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Radioactive Reagents 
for the laboratory 


... from FISHER 


With the recent announcement of the Atomic 
Energy Commission that “microcurie” quantities of 
long-lived radioisotopes can be transferred without 
special authorization, Fisher Scientific has made avail- 
able 25 organic and inorganic reagent chemicals 
tagged with carbon-14. 


To the laboratory world this means that tracer 
techniques—sensitive, simple—can now be applied to 
many more problems of research, analysis and control. 


Previously these techniques were, of course, limited 
largely to laboratories engaged in research projects 
specific enough to receive authorization for radioiso- 
tope shipment . . . and with budgets able to include 
the relatively high cost of the millicurie (1000 micro- 
curie) quantities. 


from comprehensive Fisher stocks as 
easily as any of the other 6000 Fisher 


perfect safety. Each reagent has a half- 
life of 5700 years, emits 3.7x10* disin- 
tegrations per second, and is relatively 
inexpensive ($15 per microcurie vial). 


Full information about these newest of laboratory tools 


is available from the nearest Fisher plant. Request 
bulletin FS-231-W “Fisher Radioactive Reagents.” 


FISHER SCIENTIFIC 


Boston Chicago Detroit St. Louis Montreal 
Buffalo Cleveland New York Pittsburgh Washington Toronto 


America’s Largest Manulacturer-Distributer ef Laboratory Appliances and Reagent Chemicals 


Fisher Radioactive Reagents, which may be ordered : . 


reagent chemicals, can be handled with (9% 
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1955 
PRICE LIST 


Write for 
this useful 
SPECIAL 


GBI Catalog 


Biovocicat 


mMICMOBIOLOCICAL | 
MUTATIONAL | which lists a wide range of 
i ready-to-use special products 
for research. 


TABLE OF CONTENTS 


Amino Acids, Peptides and Related Compounds, Crystalline Vita- 
mins, Vitamin Supplements, Carbohydrates and Related Com- 
pounds, Adenylates, Nucleates, Purines and Pyrimidines, Enzymes, 
Hormones, Sterols and Hormone Intermediates, Lipids, Indicators, 
Reagents and Stains, Research Chemicals, Microbiological Media 


and Ingredients, Test Diets and Ingredients. 


GBI products, suitably packaged and economically priced, are 
offered as a special service to investigators for biological and 
microbiological procedures. They will save time, trouble, and 


expense in your laboratory. 


General Biochemicals, Inc. 


64 LABORATORY PARK e CHAGRIN FALLS, OHIO 
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From Protective Film Badges 


3 


There is more than convenience in being 
able to secure all your nuclear instruments 
and accessories from a single source... 
Nuclear-Chicago units are matched to 
give you maximum versatility without un- 
necessary extra equipment or overlapping 
functions—and accessories have been de- 
veloped for perfect integration with the 
instruments. 


Keeping in step with the swift progress 
of nuclear research, Nuclear-Chicago has 
developed standard instruments for just 
about every radiation counting require- 
ment. For special techniques and unusual 
applications, our engineers will work 
directly with you to provide matched 
Nuclear instrumentation to fit your speci- 
fic requirements. 


to a complete 
Nuclear Laboratory... 


NUCLEAR-CHICAGO 
instruments provide 
maximum efficiency 
and lab performance 


Scalers for every radiation 
counting requirement 
Complete Automatic Sample 
Changing System 

Scintillation Well Counters for 
biological and medical re- 
search 

Count Rate Meters for moni- 
toring and analytical work 


ig Portable Survey Meters 
° 


r all types of radiation 


nuclear- chicago 


267 West Erie Street 
Chicago 10, Illinois 
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__ This is one of a series of reports on the many products and services 
with which the Eastman Kodak Company and its divisions 


are... serving laboratories everywhere 


| 


_Kodak reports to laboratories on: 


identifying very meagre samples . . . a possibly outmoded philosophy 


Infrared beam squeezer 


The lens you see here is not 
glass but silver chloride, which 
is transparent all the way out 
beyond 17m in the infrared. 
The speck it magnifies is typi- 
cal of specks for which we run 
infrared absorption spectra in 
the course of solving our daily 
little problems. We use such 
lenses not as magnifiers but to 
constrict one of the beams in a 
double-beam infrared spectro- 
photometer so that all its flux 
can be put through a 0.75mm x 
3.5mm aperture. This permits 
the use of a very small sample. 
Then a second such AgCl lens 
collimates the beam again. 
The samples, frequently 
weighing 50 micrograms or 
less, are handled by grinding 
the material to be examined 
with a little potassium bromide 
and compressing to a narrow 
strip. Nothing is dissolved in 
the process, and there is less 
chance for reactions and extra 
absorption that might mask 


— the few micrograms of organic 


material we seek to identify. 
KBr puts no dips of its own 
into the chart. 

This procedure is much less 
expensive than working out re- 
flecting microscope optics and 
hitching them to a spectropho- 
tometer. We got into it in iden- 
tifying spots on film that our 
testing department won’t let us 
sell. It might interest others 
who have only very meagre 


samples to work with, like 
those who study blood and 
other life juices. 

Since most infrared spectros- 
copists aren’t as lucky as we 
in having a great optical fac- 
tory in the immediate family, 
we thought it would be a 
friendly deed if we made up a 
stock of silver chloride lenses 
for anybody who wants to try 
out this wrinkle of ours. 

The price is $102 for a set of Kodak 
Infrared Microsample Optics, con- 
sisting of an unmounted pair of plano- 
convex AgCl lenses of 24mm diameter 
and 22mm focal length, coated with a 
black Ag2S smoke that cuts out radia- 
tion below 12, plus a similar plane- 
parallel plate for the reference beam. 
The deal is with Eastman Kodak Com- 
pany, Special Products Sales Division, 
Rochester 4, N. Y. We'll throw in a 
set of mounting drawings or give you 
the name of an infrared equipment 
manufacturer who supplies the whole 
assembly ready to slip into his spec- 
trophotometer. We can also supply 
reprints of our papers on the method. 


Behind the quotes 
(East- 
man 4459) appears in our cata- 
log with a cynical pair of quota- 
tion marks around it. The 
punctuation betokens our es- 
sential honesty, indicating we 
know that Eastman 4459 is 
not really  s-diphenylcarba- 
zone. It is a double compound 
of s-diphenylcarbazone 


+ 
Oni 


and 
Sure, we can separate them, 
but that would greatly bump 
up the price of the reagent. 
Outmoded though the philoso- 
phy may be, we still feel that 
the cost of a reagent is of some 
practical importance. Besides, 
we're not so sure that separa- 
tion of the components of this 
reagent would be a good idea. 
After all, analysts have been 
buying it from us for years for 


argentometric titration of cya- 
nides and mercurimetric titra- 
tion of chlorides in biological 
fluids. To confuse the name of 
this tried and true reagent just 
because some academically 
minded organic chemists hap- 
pen to know that in half the 
molecules the nitrogen bond 
has been reduced—that strikes 
us as a dirty trick. 

One of the virtues of “‘s-Di- 
phenylcarbazone”’ is its great 
sensitivity for silver ions. One 
more drop of silver nitrate 
solution than is required to use 
up all of a given batch of CN 
ions in forming (Ag(CN)2)K 
results in the appearance of a 
violet color. At this point the 
ratio is two CN’s to one Ag. As 
more silver nitrate is added, 
the violet deepens. At the 
point where the ratio reaches 
1:1, the precipitate suddenly 
assumes a blue color and con- 
glomerates. Here the “‘s-Di- 
Phenylcarbazone”’ is acting as 
an absorption indicator. 

The titration can be carried 
out in alkaline solution for the 
pseudo-halogens in general: 

N’, SCN’, and SeO;~. The 
true halogen ions cannot be 
determined in alkaline solu- 
tion, since they quickly destroy 
the reagent. They are best ti- 
trated in a solution of pH 4 to 
4.4, a violet color indicating 
the equivalent point. 


Nothing (short of selling you 10 
grams of *‘s-Diphenylcarbazone”’ for 
$3) would make us happier than send- 
ing you abstracts of the procedure for 
free. Also our List No. 39 of some 3500 
Eastman Organic Chemicals, if you 
haven't received your copy as yet. Dis- 
tillation Products Industries, Eastman 
Organic Chemicals Department, Roch- 
ester 3, N. Y. (Division of Eastman 
Kodak Company). 


Prices are subject to 
change without notice. 
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THE TERMINAL GROUPS OF THE SOY BEAN TRYPSIN 
INHIBITOR* 


By EARL W. DAVIET anv HANS NEURATH 


(From the Department of Biochemistry, University of Washington, Seattle, Washington) 
(Received for publication, August 9, 1954) 


Several years ago, Kunitz (2) reported the isolation of a crystalline 
protein from soy bean meal which inhibits the proteolytic activity of 
trypsin. A crystalline compound containing equal weights of this soy 
bean trypsin inhibitor (STI) and of trypsin was also described and it was 
shown that, according to formol titrations, the compound (STI-T) con- 
tained fewer amino groups than either of its components. It was postu- 
lated, therefore, that the formation of the compound proceeded by neu- 
tralization of free amino groups of trypsin by free carboxyl groups of the 
inhibitor. A similar interpretation was later applied to the interaction 
between trypsin and ovomucoid (3), based on the observations that acetyl- 
ation of the amino groups inactivated neither trypsin nor ovomucoid, but 
that acetylated trypsin was no longer susceptible to inhibition by ovomu- 
ecoid. Since esterification of ovomucoid with methanol destroyed its 
ability to inhibit trypsin, the carboxyl groups of the inhibitor were believed 
to be functionally essential. 

Recent studies have shown that trypsinogen and inactive DIP-trypsin 
are devoid of C-terminal groups reactive toward carboxypeptidase (4), 
although they contain each an N-terminal group reactive toward 2,4- 
dinitrofluorobenzene (5). In view of these findings it was deemed. of 
interest to study the C-terminal groups of trypsin in combination with 
STI, and the possible relation of the C-terminal groups of STI to com- 
pound tormation. For such an investigation to be meaningful it was 
necessary to determine first the C- and N-terminal groups of free STT. 
The results of these analyses are the subject of this paper. 


* Presented in part before the Forty-fifth annual meeting of the American Society 
of Biological Chemists at Atlantic City, New Jersey, April 12-16, 1954 (1). Part of 
a thesis submitted by Earl W. Davie to the Graduate School of the University of 
Washington in partial fulfilment of the requirements for the Cegree of Doctor of 
Philosophy. 

t+ Present address, Biochemical Research Laboratory, Massachusetts General 
Hospital, Boston, Massachusetts. 

The following abbreviations are used in this paper: STI, soy bean trypsin in- 
hibitor: STI-T, the soy bean trypsin inhibitor-trypsin compound; DFP, diisopropyl] 
phosphofluoridate; DIP, diisopropylphosphory!; DNFB, 2,4-dinitrofluorobenzene: 
DNP, dinitrophenyl; BAEE, a-benzoyl-L-arginine ethyl ester. 
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5OS SOY BEAN TRYPSIN INHIBITOR 


EXPERIMENTAL 
Materials 


Soy bean trypsin inhibitor (Worthington Biochemical Corporation, lree- 
hold, New Jersey) was a salt-free preparation crystallized five times. 
Electrophoretic analysis of a 1 per cent solution in phosphate buffer, ionic 
strength 0.2, showed a single component at pI] 2.8, with a mobility (de- 
scending boundary) of 5.62 sq. em. sees! volt". However, at pH 
6.5 a second component, comprising approximately 10 per cent of the pro- 
tein, migrated ahead of the main component, the latter having a mobility 
(descending boundary) of —4.99 & 10-*° sq. em. volt—!. <A repre- 


Fic. 1. Refractive index gradient curve (upper) and Rayleigh interference fringes 
(lower) of an electrophoretic analysis of an 0.88 per cent solution of STI in phosphate 
buffer, pH 6.5, ionic strength 0.2. Descending pattern after 158 minutes electrolysis 
at 4.2 volts per em. Direction of migration indicated by the arrow. The minor 
component amounted to about 10 per cent (calculated from interference fringes). 


sentative electrophoretic pattern of this determination is presented in 
Vig. 1. 

The crystalline compound, STI-T, was prepared and crystallized three 
times according to Kunitz (2). It was found to be essentially free of 
tryptic or inhibitory activity. 

Carboxypeptidase, recrystallized six times, was freed of residual amino 
acids by washing the crystals with distilled water. Just before use, the 
crystals were dissolved at 0° in 10 per cent LiCl containing DFP. The 
preparation showed maximal activity toward carbobenzoxyglycyl-L- 
phenylalanine (6). Trypsin (Worthington), twice crystallized, was ren- 
dered salt-free by exhaustive dialysis against 0.001 N IICI, followed by 
lyophilization. Trypsin activity was determined by the esterase method 
with benzoyl-L-arginine ethyl ester as substrate (7). 


Methods 


Protein concentrations were determined by measuring the ultraviolet 
absorption at 280 my in a Beckman DU _ spectrophotometer; protein 
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Kjeldahl N or refractive index increments were used for calculation of 
extinction coefficients, #32... These latter values were 10.5 for STI 
(8), 14.4 for trypsin, 12.5 for STI-T (calculated from the preceding values, 
assuming equal weights of each in the compound), and 23.0 for carboxypep- 
tidase. 

N-Terminal groups were determined by the method of Sanger (9). The 
DNP derivatives of twenty-two amino acids were prepared by Mr. His- 
Lung Pan according to published methods (10) and served for comparison 
of Ry values. Separation and identification of the DNP amino acids were 
made by the chromatographic procedure of Blackburn (11). The paper 
chromatograms were developed on Whatman No. 4 filter paper at 22° + 
1°, with 5 to 10 y of the compound or mixture under study. 

(-Terminal groups were determined with the aid of carboxypeptidase, 
as previously described (12), by one-dimensional paper chromatography 
(butanol-acetic acid-water, 4:1:5) to determine the liberated amino 
acids. Unknown amino acids were identified and estimated by compari- 
son with Ry values and color intensities of graded dilutions of known 
amino acids.” 


Results 
N-Terminal Analysis 


The terminal free amino groups of STI were labeled by conjugation with 
DNFB._ Ina typical experiment, 0.50 gm. of STI and 0.50 gm. of NaHCO; 
were dissolved in 5 ml. of water to which 10 ml. of ethanol and 0.5 ml. of 
redistilled DNFB (b.p. 120—-121° at 0.8 mm. of Hg pressure) were added. 
After shaking for 2 hours at room temperature, the reaction mixture was 
exhaustively dialyzed against distilled water and lyophilized. DNP 
protein samples (100 mg. each) were then hydrolyzed for 4, 8, and 24 
hours, respectively, in 5.7 or 12 N HCl at 110° in sealed tubes. 

The ether-extractable constituents of the 8 hour hydrolysate contained 
only DNP-aspartic acid, dinitrophenol, and dinitroaniline, as shown in 
Fig. 2, A and B. As an added confirmation, the DNP derivative was 
hydrolyzed in concentrated ammonia in a sealed tube at 100° (13). After 
extraction of residual DNP products with ether, free aspartic acid was 
identified by paper chromatography by using a ninhydrin spray (Fig. 2, 
('). The acid-soluble fraction of the hydrolysate of the DNP protein 
contained only «-DNP-lysine, even when large amounts were applied to 
the paper chromatogram. Neither DNP-proline nor DNP-hydroxypro- 
line could be detected in the ether extract of a 24 hour hydrolysate of the 
DNP protein in 12 nN HCl. Similarly, the 4 hour hydrolysate in 6 Nn HCl 


2 By this method, 1 equivalent could be estimated as greater than 0.8 and less 
than 1.2. 
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was free of DNP-glycine (10). Examination of a hydrolysate of the DNP 
protein oxidized with performic acid indicated the complete absence of 
DNP-cysteic acid (14). 

Since aspartic acid appeared to be the only .V-terminal amino acid, a 
quantitative estimation of this residue was carried out. Because aspartic 
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CARBOXYPEP = STI CARBOXYPEP STI-T 
CONTROL CONTROL 30SEC IHR. 2HR KNOWNS KNOWNS CONTROL COMPOUND 30SEC HR OS HR. 
CONTROL 


kia. 3. Paper chromatogram of the reaction products resulting trom incubation 
of STI (left half) and STI-T (right half) with carboxypeptidase. For the conditions 
of the experiments, see the text. The composition of the samples and the incubation 
times are given along the abscissa; the amino acids are identified in the two center 
columns. Not shown are graded dilutions of the known amino acids. This illustra- 
tion is from a drawing, made by Mrs. Helen Halsey; the original paper chromatogram 
was used to record Rp values and spot areas, and colored photographs of the chroma- 
togram to judge spot intensities. 


acid gives rather low yields when reacting with DNFB (15), the DNP 
protein was subjected to a second dinitrophenylation as previously de- 
scribed, in which the solvent-DNP protein ratio was increased 5-fold. 

100 mg. of lyophilized DNP protein were found to be equivalent to 
84.5 mg. of native STI as determined by amide nitrogen (5,9). 100 mg. 
samples of the DNP protein were then hydrolyzed and extracted with 
ether. Controls containing DNP-aspartie acid, alone and together with 
native STI, were similarly treated. Aliquots of the ether-extractable 
materials were chromatographed, eluted from the paper with 1 per cent 
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NaHCoOs;, and made up to volume. The optical densities were determined 
at 350 my with a Beckman model B spectrophotometer. The molar 
extinction coefficient of DNP-aspartic acid was found to be 1.64 xX 104. 
By comparison with the control DNP-aspartic acid samples, 1 mole of STI 
(molecular weight, 24,000) was found to contain 0.89 equivalent of V- 
terminal aspartic acid residues.* 


3.07 
4 Trypsin alone 
- @ Plus Native STI fp 
25+ O Plus Modified STI 


oO 


Moles Hydrolyzed x 10? 


on 


O 


Time in minutes 


Fic. 4. Hydrolysis of BAI by trypsin in the presence of native STI (@) and of 
STI after modification by carboxypeptidase (QO). The volume of the reaction solu- 
tion was 10 ml., ester concentration 0.01 Mm. Each reaction solution contained 0.0437 
mg. of trypsin. The straight lines correspond, in order of decreasing slopes, to no 
inhibitor added, after 15 minutes incubation with 0.0202 mg. of inhibitor (native and 
enzymatically modified), and with 0.306 mg. of inhibitor (native and enzymatically 
modified). Tsterase activities were determined at 25° in a 0.005 m tris(hvdroxy- 
methyl )aminomethane-HCl buffer, containing 0.02 m CaCl., pH 7.8. 


C-Terminal Analysis 


Protein substrates and carboxypeptidase were incubated for various 
lengths of time at a mole ratio of 8:1, with substrate concentrations (mg. 
per ml.) of 5.7 for STI and 7.8 for STI-T. Identical results were obtained 
for both substrates when corrected to the concentration of inhibitor present 


* The control experiments yielded 26 per cent destruction of the DNP-aspartic 
acid alone after 8 hours hydrolysis in 5.7 x HCl. Porter reported 40 per cent de- 
struction after 24 hours hydrolysis in 5.7 xn HCl. Since STI had no measurable ef- 
fect on the decomposition of DNP-aspartic acid, it was not necessary to take into 
consideration any attenuating effects which the DNP protein might have had on 
the destruction of the DNP-amino acid (16, 17). 
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in each case (Fig. 3). 1 mole of leucine per mole of inhibitor (molecular 
weight 24,000) was maximally liberated from STI and from STI-T, respec- 
tively, in addition to fractional stoichiometric quantities of aspartic acid 
and alanine. The identical response of both proteins to carboxypeptidase 
indicates that the trypsin moiety of STI-T was completely unreactive 
toward carboxypeptidase and that the C-terminal leucine of the inhibitor 
is not involved in the interaction with trypsin. 

Added confirmation for the lack of involvement of the C-terminal group 
of the inhibitor was obtained by determining the inhibitory activity of STI 
after reaction with carboxypeptidase. The esterase activity of trypsin in 
the presence of two concentrations of native and enzymatically modified 
STI is illustrated in Fig. 4. It is evident that the enzymatically modified 
STI had undiminished inhibitory activity. 


DISCUSSION 


The present experimental data indicate that the STI molecule is com- 
posed of a single polypeptide chain containing aspartic acid or asparagine 
as an N-terminal group and leucine as a C-terminal group. The data 
confirm also the resistance of trypsin to attack by carboxypeptidase. 

The identical response of STI and STI-T to carboxypeptidase, together 
with the undiminished inhibitory activity of STI after removal of its C- 
terminal group, indicates that the terminal carboxy] group is not involved 
in the interaction with trypsin. Thus, the postulated ‘‘neutralization” of 
free amino groups of trypsin must involve carboxyl groups of the inhibitor 
other than the terminal one. 


Our thanks are due to Mr. Roger D. Wade for his assistance in the 
performance of electrophoretic analyses. This work has been carried out, 
in part, under contract No. Nonr-477-04 between the University of Wash- 
ington and the Office of Naval Research, Department of the Navy, and 
was also supported by funds made available by the people of the State of 
Washington, Initiative 171, and by the United States Public Health 
Service. 


SUMMARY 


When 2,4-dinitrofluorobenzene and carboxypeptidase were employed 
to determine N-terminal and C-terminal groups, respectively, soy bean 
trypsin inhibitor was found to contain an aspartic acid (or asparagine) 
residue as a single N-terminal group and leucine as a single C-terminal 
group. Since carboxypeptidase liberated the same amino acids from STI 
and from STI-T compound, it is concluded that the C-terminal group of 
the inhibitor is not involved in compound formation. This has been 
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confirmed by enzymatic analyses which have shown that, after reaction 
with carboxypeptidase, STI had undiminished inhibitory activity toward 
trypsin. 
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IDENTIFICATION OF A PEPTIDE RELEASED DURING 
AUTOCATALYTIC ACTIVATION OF TRYPSINOGEN* 


By EARL W. DAVIET anp HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, August 19, 1954) 


The kinetics of the tryptic activation of trypsinogen have been found by 
Kunitz (3) to follow the simple chemical equations 


Trypsinogen + trypsin — 2 trypsin (a) 
Trypsinogen + trypsin — trypsin + inert protein (b) 


In the presence of calcium ions, at pH 8, reaction (b) is suppressed and the 
conversion of the zymogen to the active enzyme is essentially complete. 

Until recently, little was known of the chemical changes accompanying 
this conversion. Within the limits of the experimental errors of sedimenta- 
tion and diffusion measurements, trypsinogen and trypsin have identical 
molecular weights (4, 5), suggesting that no large fragments arise from the 
proteolytic activation by trypsin. Rovery, Fabre, and Desnuelle (6) 
reported valine to be the single N-terminal group of trypsinogen, and iso- 
leucine to occupy the same position in DIP-trypsin.! Both proteins were 
found to be unreactive toward carboxypeptidase (7), suggesting that any 
C-terminal group which may be present is the same in both proteins. The 
replacement during activation of the N-terminal valine by isoleucine indi- 
cates that 1 or more peptide residue has been removed from the single 
polypeptide chain of trypsinogen. 

Evidence for the appearance of an activation peptide has been obtained in 
the course of this work and has led to its isolation and chemical characteriza- 
tion, as reported in this communication. 


EXPERIMENTAL 
Materials 


Trypsinogen—Two crystalline preparations were employed. One _ of 
these was isolated by Dr. F. Tietze in the presence of DFP. The other 


* Presented in part before the Forty-fifth annual meeting of the American Society 
of Biological Chemists at Atlantic City, New Jersey, April 12-16, 1954 (1). A pre- 
liminary report has been published (2). 

t Present address, Biochemical Research Laboratory, Massachusetts General 
Hospital, Boston, Massachusetts. 

‘The following abbreviations are used: DFP, diisopropyl! phosphofluoridate; 
DIP, diisopropylphosphoryl; DNFB, 2,4-dinitrofluorobenzene; DNP, dinitropheny]; 
BAEE, a-benzoyl-L-arginine ethyl ester. 
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was obtained by Dr. N. M. Green, using crystalline soy bean inhibitor in- 
stead of DFP to suppress tryptic activity during the process of isolation. 
The physical properties of the Tietze preparation, containing 0.016 per 
cent active trypsin, have been published (4). Essentially the same prop- 
erties were observed for the Green preparation. 

DNP derivatives of twenty-two amino acids were prepared by Mr. His- 
Lung Pan according to published methods (8). 


Results 
Identification of Valyl Peptide 


In order to demonstrate the release of peptides during the tryptic activa- 
tion of trypsinogen, aliquots were removed at various stages of activation, | 
and any free amino acids and peptides were adsorbed onto and eluted from 
ion exchange resins and subjected to paper chromatography. Trypsinogen 
and trypsin were pretreated by exhaustive dialysis against 0.001 n HCl to 
remove any low molecular weight impurities. 

In a typical experiment, 120 mg. of twice crystallized trypsinogen were 
dissolved at 0° in 9 ml. of 0.1 mM borate buffer, pH 8.0, containing 0.05 m | 
CaCl., and activated by the addition of 0.7 mg. of trypsin (Worthington, 
twice crystallized). Aliquots were removed at intervals up to 8 hours, and | 
any free amino acids or peptides were adsorbed on Dowex 50 resin (20 to 
50 mesh, hydrogen form, 4 or 12 per cent cross-linked). Simultaneously, 
the rate and extent of activation were followed by the esterase method, 
with BAEE as substrate (4). The reaction products were eluted from the 
resin with NH,OH (9) and subjected to paper chromatography (butanol- 
acetic acid-water). As may be seen from the paper chromatogram in 
Fig. 1, the zero time control showed the complete absence of ninhydrin- t 
positive products. After 10 per cent activation, a single spot was obtained 
having an Fy value of about 0.08, the intensity of this spot increasing in 
proportion to the extent of tryptic activation. Elution of the spot, fol- 
lowed by hydrolysis in a sealed tube in 5.7 nN HCl at 110° for 24 and 48 
hours, indicated the presence of lysine, valine, and aspartic acid in mole 
ratios of approximately 1:1:4 or 5 and traces of glutamic acid and alanine. 

The peptide material having larger Ry values was found to change from 
one activation experiment to another, some experiments showing nearly 
complete absence of this material. Upon hydrolysis, these spots usually 
revealed the presence of lysine, valine, and aspartic acid. 


Purification of Peptide on Dowex 50 Column | | 


Preparation and Operation of Columns—In order to isolate the peptide in 
pure form and good yield, use was made of ion exchange columns in conjunc- 
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tion with automatic fraction collection, as described by Dowmont and 
Fruton (10)... Dowex 50 (200 to 300 mesh, sodium form, 2 per cent cross- 
linked) was used in chromatographic tubes 40 em. long and 0.9 em. inner 
diameter. The resin columns (30 cm. high) were prepared by pouring the 
resin in two or three sections as a slurry in citrate buffer of pH 3.0. 


De BBW 
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hic. 1. Paper chromatogram (butanol-acetic acid-water, 4:1:5) of the products 
liberated during the autocatalytie activation of trypsinogen. The vertical columns 
from left to right correspond to the trypsin control, trypsinogen zero time; reaction 
products after 10, 24, 40, and 80 per cent activation; known amino acids. The most 
intense spot, corresponding in [?p to lysine, has been identified as activation peptide. 
This is a photograph of a drawing made by Mrs. Helen Halsey from the original chro- 
natogram and a colored photograph thereof. 


The solvents used for elution were citrate buffers of varying pH and so- 
dium ion concentration. Conditions for optimal separation of peptides 
were determined empirically. Table I reports the composition of the buf- 
fers used in these experiments, as well as the amount of acid or alkali nee- 
essary to adjust 1 ml. samples to pH 5, as required for quantitative ninhy- 
drin analysis. All pH values were determined with the glass electrode at 
25° by means of a Cambridge model R pH meter and are accurate approx- 
mately to 0.02 pH unit. 
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The columns were operated at room temperature at a flow rate of 2.5 
ml. per hour, without external pressure. The peptide mixture was added 
to the column in 0.5 ml. of citrate buffer of pH 3.0, and effluent fractions 
of 1.0 or 0.5 ml. were collected and analyzed by the photometric ninhydrin 
method (11). 

Separation of Peptides--The peptides resulting from activation of tryp- 
sinogen were adsorbed and eluted from Dowex 50, as described in the 
section dealing with paper chromatography, and applied to the column. 
Fig. 2 shows a typical chromatogram of a 63 per cent activated sample. 
It reveals one major peak (35 to 40 ml. of effluent after addition of buffer 
of pH 4 to the top of the column) representing the activation peptide (see 


TaBLe I 
Composition of Buffers Used for Column Chromatography of Peptides* 


| 0.10 ml. of NaOH or HCI required 


| 
Molarity of citrate jemaadinenaiion | pH | to adjust buffer to pH 5.0 
0.192 0.100 | 3.0 NaOH 
0.132 0.120 3.5 1.5~ NaOH 
0.102 0.130 4.0 | 0.75 n NaOH 
().097 | 0.160 4.5 | 0.3 n NaOH 
0.105 0.210 5.0 | 
0.110 | 0.300 6.3 | 0.7 x HCl 
0.2004 | 0.580 6.5 | 1~n HCl 


* All buffers contained 0.5 per cent BRIJ-35 (polyoxyethylene lauryl! alcohol). 
+ 0.1 gm. of disodium versenate and 1.5 ml. of benzyl alcohol per 100 ml. were also 
added to this buffer. 


below) and several minor components. The addition of 0.1 N NaOH to 
the column following buffer of pH 6.50 failed to produce any further nin- 
hydrin-positive material, indicating that elution was complete. 

Since in Fig. 2 the color yield of the peptides was tentatively expressed 
as leucine equivalents, it was necessary to establish the true color yield of 
the activation peptide on a molar basis. According to Kjeldahl nitrogen 
determinations, 22.8 y of peptide nitrogen, corresponding to 0.233 umole 
of peptide (molecular weight 705, see below), gave an optical density read- 
ing of 1.01 by the usual ninhydrin procedure.2 This corresponds to a color 
value of 1.65 on a molar basis relative to leucine (11), a value much higher 
than the range of 0.70 to 0.90 generally found for peptides (10). It is 
likely that this high value is due to the additional contribution to the reae- 
tion by the e-amino group of the lysine residue. 


* Heating period of 20 minutes, 8 ml. volume. 


— 


or 
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Amino Acid Composition of Activation Peptide 


The peptide purified by column chromatography (1.7 mg. taken from the 
top of the major peak shown in Fig. 2) was hydrolyzed in 10 ml. of 5.7 N 
HCl for 20 hours at 110° without previous desalting. After evaporation 
of the sample to dryness, it was washed with several ml. of water, taken to 


ACTIVATION PEPTIDE 
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MICRO MOLES OF PEPTIDE 


| 120 125 
pH 4.0 BUFFER I- pH 50 


0.200- 


0.100 - 


30 135 140 145 150 155 160 175 I80 185 
pH 5.0 BUFFER ! pH 6.0 BUFFER—— 
mi. EFFLUENT 


Fic. 2. Chromatographic separation of the peptide mixture of a 63 per cent acti- 
vated sample of trypsinogen. A Dowex 50 column (200 to 300 mesh, 2 per cent cross- 
linking, sodium form) at 25° was used. Flow rate, 2.5 ml. per hour; column dimen- 
sions, 30 X 0.9em. The buffers used were as described in Table I. The molar color 
vield for leucine was used for all ninhydrin-positive materials (see the text for the 
true color yield of the activation peptide). 


ASPARTIC 
ACID 
1.0 - 
Q 
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S 
0.50. CLT PHENYLALANINE 
> THREONINE TYROSIN 
PROLINE METHIONINE 
GLYCINE | | LEUCINE 
) 
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 


4.25,50°—>|<— pH 4.25,75°—>| 
mi. EFFLUENT 
Fig. 3. Chromatographic separation of an acid hydrolysate of the peptide purified 
by column chromatography. The column of Dowex 50, 0.9 X 100 cm., was operated 
in the sodium form, with buffers of the pH and temperature indicated as eluents. 
A sample of 0.80 mg. of peptide hydrolysate was placed on the column. The ap- 
proximate position of amino acids not present in the hydrolysate is also shown. 


|< pH 3.41, 37.5° 


KUM 


520 TRYPSINOGEN PEPTIDE 


dryness, and this process repeated three times. The amino acids were 
then taken up in 4.2 ml. of water containing 0.1 ml. of 2 x HCI, and, after 
centrifuging a small amount of insoluble material, 2.0 ml. samples were sub- 


O12 LYSINE 
VALINE 

0.10 TaSPARTIC ACID 
x d 
S 0.08 
2 
> 0.06 - 
AMMONIA 
0.044 | |PHENYLALANINE 
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| 


0 20 40 60 80 100 120 140 160 180 200 240 
pH50/-—pH 68 phosphate —+|-—pH 65 citrate 
mi. EFFLUENT 
Fic. 4. Chromatographic separation of the basic amino acids of an acid hydroly- 
sate of the peptide purified by column chromatography. The column of Dowex 50 
(0.9 & 15 em.) was operated in the sodium form at 25° with the buffers indicated. A 
sample of 0.8 mg. of peptide hydrolysate was placed on the column. The large initial 
peak contains aspartic acid and valine. The approximate position of other amino 
acids not present in the peptide hydrolysate is also shown. 


TaBLe II 
Composition of Activation Peptide Purified by Column Chromatography 


Residues relative to 


Amino acid Amino acid residues Amino acid residues ysine 

meg. pmoles moles 

Aspartic acid............ 0.527 4.58 3.98 


jected to analysis by the Moore and Stein procedure (12). Chromato- 
graphic separation into aspartic acid, valine, lysine, and ammonia is shown 
in Figs. 3 and 4. 

In Table II the amino acid composition of the peptide is given, corres- 
ponding to an exact mole ratio of valine-lysine-aspartic, 1:1:4. Thus, a 
molecular weight of 705 may be assigned to this peptide, assuming the 
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absence of amide nitrogen. The presence of fractional equivalents of am- 
monia in the acid hydrolysate of the peptide is not readily accounted for. 
The possibility of partial decomposition of aspartic acid is discounted by 
the integral mole ratio of aspartic acid to lysine found. Similar reasoning 
renders it unlikely that the ammonia has arisen from hydrolysis of an 
amide group of asparagine, since no stoichiometrically equivalent quantity 
of ammonia was found. It seems more likely that the ammonia was intro- 
duced as an impurity, particularly if the small actual amount of 5.1 y is 
taken into consideration. 


(Juantitative Relation of Peptides to Activation Process 


In order to establish the fact that the appearance of the peptide is actu- 
ally related to the activation process, the amount of peptide formed was 
compared to the appearance of tryptic activity, as follows: 


TABLE III 
Quantitative Estimation by Column Chromatography of Activation Peptide 
Peptide | 29 per cent activation* | 49 per cent activation* 
| 1.7 | 3.01 


* As measured by esterase activity. 
¢t Calculated on the basis of 1 mole of peptide liberated per mole of trypsin formed. 


A solution of trypsinogen was activated by trypsin as described pre- 
viously, and the reaction was stopped after predetermined time intervals 
by the addition of an equal volume of ice-cold 10 per cent trichloroacetic 
acid to aliquots of the solution. The degree of activation was determined 
by the esterase method. After centrifugation of the precipitate at 0° and 
washing with 10 per cent trichloroacetic acid, the supernatant solutions 
were combined and extracted three times with 2 volumes of ether to remove 
the trichloroacetic acid. The aqueous solution was then lyophilized. The 
peptide material was taken up in 5 or 10 ml. of citrate buffer, pH 3.0, and 
an aliquot applied to the Dowex 50 column after centrifugation of a small 
amount of insoluble material. The chromatograms obtained were similar 
to those of Fig. 2 except that the peak corresponding to effuent volumes 
150 to 160 ml. was larger. Table III presents a comparison of the experi- 
mental vield of activation peptide with the amount expected if 1 mole of 
Val.(Asp)4.Lys (the proposed composition of the activation peptide) had 
been liberated for each mole of trypsinogen which has undergone activation. 
The agreement is sufficiently good to warrant the conclusion that the liber- 
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ation of the peptide is actually a result of activation. The other major peak 
(about 60 ml. of effluent after the addition of buffer of pH 5.0 to the top of 
the column) did not show any such relation to activation and is probably 
of secondary origin. 


Autolysis Peptides 


Additional experiments were performed to preclude the possibility that 
the present peptide originated from autolysis of trypsin rather than from 
hydrolytic activation of trypsinogen. 

To this end, a 1 per cent solution of trypsin was first freed of traces of 
ninhydrin-positive material by passing through a Dowex 50 column (20 
to 50 mesh, 4 per cent cross-linked, hydrogen form) at pH 3.0, 25°. The 
solution was then allowed to autolyze up to 4 hours under conditions iden- 
tical to those used for activation of trypsinogen. Aliquots were removed 
at various time intervals and subjected to paper chromatography as de- 
scribed for the activation peptide. While no loss of enzymatic activity 
could be observed (esterase method), a slight increase in ninhydrin-posi- 
tive material was noted on the chromatogram, the major portion migrat- 
ing with an Rp value of 0.47 (butanol-acetic acid-water), compared to 0.08 
for the activation peptide. Sinze, moreover, the former spot was very 
faint in comparison to the latter, it is unlikely that its appearance is re- 
lated to activation. 


Properties of Activation Peptide 


Reaction with DNF B—In order to establish N-terminal groups, the puri- 
fied activation peptide (approximately 1 mg.) was dissolved in 0.1 ml. of 
1 per cent trimethylamine and allowed to react with 0.01 ml. of DNFB 
previously dissolved in 0.2 ml. of ethanol (13). After the mixture had 
stood for 2 hours at room temperature, a few drops of water and trimethyl- 
amine solution were added, and the excess reagent was extracted three 
times with ether. The residue, after evaporation of the aqueous solution 
to dryness, was taken up in several drops of 5.7 N HCI and hydrolyzed in a 
sealed tube for 8 hours at 105°. After dilution with water, the DNP- 
amino acids were extracted into ether. The ether- and water-soluble 
DNP-amino acids were then chromatographed on paper (14), as shown in 
Fig. 5. 

According to Fig. 5, Chromatogram I, the only ether-soluble amino 
acid was DNP-valine (or @,e-di-DNP-lysine, which has the same FP, in 
this solvent). Chromatogram II shows the presence of e~-DNP-lysine in 
the aqueous extract, while Chromatogram III was obtained after develop- 
ment with ninhydrin, free aspartic acid, e-DNP-lysine, and traces of ala- 
nine, glutamic acid, and unchanged lysine. 
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The absence of valine in the aqueous layer confirms the formation of 
DNP-valine as shown in Chromatogram I and the presence of only one 
valine per peptide chain. Thus, the peptide has a structure of Val[(Asp)«4- 
Lys] and not {Val[(Asp),Lys]},, where n = 2, 3, etc. The finding of only 
one N-terminal amino acid also indicates homogeneity of this peptide, 
assuming the absence of a,e-di-DNP-lysine in Chromatogram I. The 
reason for the slightly higher Rr value of «~-DNP-lysine hydrochloride as 
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Fic. 5. Acid hydrolysate of DNP activation peptide. Chromatogram I, tracing 
of the chromatogram of the ether-extractable compound, and standard DNP-amino 
acids, resolved in tert-amyl alcohol for 15 hours on paper previously sprayed with 
phthalate buffer, pH 6.0, and dried at room temperature. The dinitrophenol was 
bleached by exposure of the paper to HCl vapors. Chromatogram II, tracing of the 
chromatogram of the water-soluble compound resolved in the same solvent system 
as Chromatogram I. Chromatogram III, tracing of the chromatogram of the water 
layer developed in butanol-acetic acid-water and sprayed with ninhydrin, as de- 
scribed in the text. 


compared to e~-DNP-lysine on the paper buffered at pH 6.0 (Chromato- 
gram II) is not known. 

Reaction with Carboxypeptidase—In order to test for the presence of a 
C-terminal group reactive with carboxypeptidase, 0.40 umole of the puri- 
fied activation peptide was incubated at pH 7.8 and at pH 5.5 with car- 
boxypeptidase crystallized six times in substrate-enzyme mole ratios of 
2:1. The lower pH range was included in view of the acidic properties of 
the substrate (15). After 3 hours incubation at 25° no ninhydrin-positive 
material other than the peptide could be observed by paper chromatog- 
raphy (butanol-acetic acid-water and phenol-water, respectively) with the 
experimental procedure described previously (9). 
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Paper Electrophoresis of Activation Peptide—The presence of 4 aspartic 
acid residues is expected to confer on the peptide acidic properties. As- 
suming the absence of amide nitrogen, the peptide should have a net charge 
of —3 at pH 7.8 and would be expected to exhibit anionic properties at 
that pH. This was demonstrated by electrophoresis with an apparatus 
similar to that described by Durrum (16). In a phosphate buffer (pH 
7.9, ionic strength 0.088), the purified peptide was found to migrate as a 
single spot toward the positive electrode (duration 180 minutes, initial 
current 4 ma. per 7.5 em. width; potential 320 volts). 

The isoelectric point of the peptide was determined by the use of citrate 
buffers ranging from pH 3.20 to 3.80 with a constant ionic strength of 0.05. 


DISTANCE MOVED IN 16 HRS.(cm. 


30 32 34 36 38 40 
pH 


Fic. 6. Graph showing the determination of the isoelectric point of the activation 
peptide by paper electrophoresis. Distance of migration in 16 hours toward the 
cathode or anode is plotted against pH. Citrate buffers ranging from pH 3.2 to 3.8, 
with a constant ionic strength of 0.05, were employed. 


Glucose (about 10 y) and peptide were applied adjacent to each other in 
the center of a paper strip (7.5 &K 35 cm.) and were allowed to migrate for 
16 hours at each pH (initial current 1.8 ma. per 7.5 em. width; potential 
200 volts). The paper strip was then cut down the center and one side 
developed for glucose by use of an aniline trichloroacetate spray (17). 
The strip containing the peptide was sprayed first with ninhydrin and, 
after drying, it was sprayed with 3 per cent sodium acetate in 80 per cent 
ethanol to adjust the pH closer to 5.0. 

The distance moved by the peptide in 16 hours relative to the uncharged 
glucose was plotted against pH, as shown in Fig. 6. The isoelectric point 
was found to be between 3.4 and 3.5, which is within the range expected 
for a polyvalent compound of the proposed structure. The peptide ap- 
peared to exhibit a small amount of heterogeneity slightly on the basic side 
of the isoelectric point. 
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Paper Chromatography of Activation Peptide in Various Solvents—To 
characterize the activation peptide further, it was of interest to determine 
its Ry in various solvent systems. These are recorded in Table IV. Since 
the Ry of a given compound is often very sensitive to small differences in 
composition of the solvent system used (18), the given values are not to 
be taken as absolute and should be compared with the three constituent 
amino acids which are also listed. In some solvent systems, the behavior 
of the peptide is similar to that of lysine and, in others, to that of free as- 
partic acid. In all cases the peptide was homogeneous. 

Inhibitory Activity of Activation Peptide—In order to test for possible 
inhibitory activity of the activation peptide toward trypsin and to examine 
the possibility of an equilibrium of peptide and trypsin, giving rise to 
limited enzymatic activity, a trypsin solution of known activity was incu- 


TaBLe LV 
Rp Values of Activation Peptide in Various Solvents* 


Rr 
Solvent system 
Peptide Lysine | Aspartic | Valine 
n-Butanol-HOAc-H-O 0.077 0.096 0.16 
Phenol-H.2O (80:30, weight by volume).... 0.16 0.39 | 0.17 | 0.73 
Methanol-pyridine-H2O (80:4:20) 0.42 0.36 0.44 0.71 
Acetone-H.O (urea)t (60:40). 0.80 Streaks 0.74 0 


* All chromatograms were developed by the descending technique. 
t Contained 0.5 per cent urea (weight by volume). 


bated for 5 minutes at pH 7.5 with a 25-fold molar excess of the activation 
peptide. With BAKE as substrate, no decrease in tryptic activity could 
be observed. The effect of the peptide on the tryptic hydrolysis of sub- 
strates of lower affinity for the enzyme remains to be tested. 


DISCUSSION 


The present experimental data indicate strongly that during the con- 
version of trypsinogen to trypsin a hexapeptide is split off, having the 
probable structure Val-(Asp)4-Lys. The N-terminal position of valine has 
been proved by labeling with DNIFB, whereas the C-terminal position of 
lysine can only be inferred from (a) the specificity requirements of the acti- 
vating enzyme, trypsin, and (b) the lack of reactivity of the purified pep- 
tide toward carboxypeptidase. 

The analytical composition of the peptide is also in accord with other 
known properties of trypsinogen and trypsin (or DIP-trypsin) listed in 
Table V. Within the limits of experimental error, the molecular weights, 
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as determined by sedimentation and diffusion, are the same. However, 
if it is assumed that the two proteins have identical tyrosine and trypto- 
phan contents, the respective extinction coefficients at 280 mu would cor- 
respond to a difference in molecular weight of approximately 1000 com- 
pared to a calculated peptide molecular weight of 705. N-Terminal 
analysis, aspartic acid content, and the difference in nitrous acid-reactive 
amino groups all are in accord with the loss of 1 valine, 4 aspartic acids, 
and 1 lysine from the trypsinogen molecule.* The isoionic points are also 
in accord with the loss of predominantly acidic groups from the zymogen. 


TABLE V 
Comparison of Some Properties of Trypsinogen and Trypsin (or DIP-Trypsin) 
Property | Author Trypsinogen Trypsin 
Mol. wt. Cunningham et al. (5) | 23,800 23 , 800 
N-Terminal Rovery et al. (6) 1 valine | 1 isoleu- 
cine 
C-Terminal (carboxypeptidase) Davie and Neurath 0 0 
| (7) and this work 
Isoionic point (mixed bed ion ex- = N. M. Green (unpub- | 9.3 10.1 
change resin) : lished) 
Free amino groups (Van Slyke) P. Ek. Wilcox (unpub- | 15.1 per | 13.8 per 
lished) 23 , 800 23 , 100 
This work and Davie 13.9 14.4 
and Neurath (25) 
Total aspartic acid* (column | 25.0 per | 20.9 per 
chromatography) | 23 , 800 23 , 100 


* Values taken from amino acid analysis of 18 hour hydrolysates (5.7 Nn HCl) of 
trypsinogen and DIP-trypsin (foot-note 3). 


According to the present data, the most significant molecular changes 
accompanying the tryptic activation of trypsinogen consist in the hydro- 
lytic cleavage of a lysyl-isoleucyl bond of trypsinogen, yielding as reaction 
products Val-(Asp)4-Lys and trypsin.‘ It is likely that during this process 
the C-terminal portion of the polypeptide chain remains unaffected, since 


3 Complete amino acid analyses of trypsinogen and DIP-trypsin will be reported 
elsewhere (EK. Cohen, E. W. Davie, and H. Neurath, in preparation). 

* While this work was in progress, Desnuelle and Fabre (19) reported the isolation 
of DNP peptides from partial hydrolysates of DNP-trypsinogen, the largest frag- 
ment containing 1 mole of DNP valine, about 4 moles of aspartic acid, and 1 mole of 
lysine. These findings lend additional support to the conclusion that the present 
peptide has arisen from the N-terminal portion of the polypeptide chain of the zymo- 
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both trypsinogen and DIP-trypsin remain unreactive toward carboxypep- 
tidase, even after 3 hours preincubation with 6 M urea,® pH 7.8, at 0°. 

While quantitative data have demonstrated that the liberation of this 
hexapeptide and the appearance of tryptic activity are related phenomena 
(see Table II1), they do not exclude the possibility that other peptides may 
have been liberated as well. Since any peptide devoid of a free amino 
group would fail to be adsorbed initially by the ion exchange resin, use was 
made of trichloroacetic acid to separate peptides from proteins. Whereas 
a major second peptide component was actually found, there was no pro- 
portional relation of this component to the appearance of tryptic activity, 
suggesting that it had originated from a non-specific attack of trypsin on 
the protein components present in the system. The possibility of the ap- 
pearance of peptides unreactive toward ninhydrin has not been subjected 
to experimental tests. 

It is of interest to note the high degree of selectivity which governs the 
hydrolytic activation of trypsinogen. Although trypsinogen contains pep- 
tide groups contributed by 14 lysine and 2 to 3 arginine residues,* all of 
these conforming to the specificity requirements of trypsin, only one of 
these bonds is hydrolyzed in the process of activation. While the same 
principle of ‘limited hydrolysis” applies to the activation of chymotryp- 
sinogen (20, 9) and pepsinogen (21), it is particularly impressive in this 
instance, since the breaking of a single bond apparently completes the 
activation process and no intermediary active forms seem to be involved. 
It is inviting to speculate that electrostatic repulsion between the 4 adja- 
cent aspartic acid residues causes the N-terminal portion of the polypeptide 
chain of trypsinogen to remain in an extended configuration, thus render- 
ing the lysyl-isoleucyl bond exposed to the attack by trypsin, whereas all 
other peptide bonds which conform to the specificity requirements of tryp- 
sin remain inaccessible within the helical configuration of the remainder of 
the polypeptide chain. Under conditions favoring ‘‘denaturation” of tryp- 
sinogen or trypsin (absence of calcium ions, pH lower than 7 to 8) the helical 
structure might become sufficiently distorted to expose additional peptide 
bonds to tryptic hydrolysis, yielding ‘‘inert protein’”’ (3) or more profoundly 
degraded products. 

As an alternative interpretation of the properties of the activation pep- 
tide it might be suggested that in the intact trypsinogen molecule the acidic 
regions of the peptide mask basic groups of the potential active center. 
This situation would be somewhat analogous to the postulated interaction 
between acidic groups of ovomucoid and soy bean trypsin inhibitor, re- 


5 The reactivity of carboxypeptidase in the presence of this denaturing agent has 
been established by Dr. Y. D. Halsey in experiments to be published elsewhere. 
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spectively, with free amino groups of trypsin (22), except that in the pres- 
ent case, because of its small size, attachment of the hexapeptide to the 
protein through the lysyl-isoleucyl bond is required for strong interaction. 
(This qualification is introduced because of lack of inhibitory activity of 
the free hexapeptide.) Although no experimental evidence for a_ basic 
grouping within the active center of trypsin is at hand, such an assumption 
is entirely compatible with the concept of an esteratic site (23) with an 
electrophilic component, particularly since trypsin, like acetylcholine es- 
terase, possesses esterase activity (24). The requirement of basic group- 
ings in specific substrates suggests, in further analogy, an additional anionic 
site within the active center. 

It should be recognized that the activation process, as visualized in this 
discussion, applies strictly to the tryptic activation of trypsinogen and 
that it 1:emains for future work to establish to what extent these considera- 
tions are also applicable to the activation by enterokinase or penicillium 
kinase (3). 


Our thanks are due to Miss Elaine Cohen and Dr. Y. D. Halsey for their 
assistance and advice in the experiments involving column chromatog- 
raphy. 

This work has been carried out, in part, under contract No. Nonr-477-04 
between the University of Washington and the Office of Naval Research, 
Department of the Navy, and was also supported by funds made available 
by the people of the State of Washington, Initiative 171, and by the United 
States Public Health Service. 


SUMMARY 


The tryptic activation of trypsinogen leads to the formation of a peptide 
having the probable structure Val-(Asp),-Lys. The peptide has been iso- 
lated by chromatographic methods, its structure and properties being in 
accord with certain known properties of trypsinogen and trypsin. Evi- 
dence is provided that the peptide is directly related to the appearance of 
tryptic activity, and it is suggested that the hydrolysis of a lysyl-isoleucine 
bond in trypsinogen is the single hydrolytic event leading to the formation 
of active trypsin. 
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THE METABOLISM OF MUCOPOLYSACCHARIDES IN ANIMALS 
II. STUDIES IN SKIN UTILIZING LABELED ACETATE* 
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JULIO LUDOWIEG, ann ALBERT DORFMAN 


(From La Rabida Jackson Park Sanitarium, and the Departments of Biochemistry 
and Pediatrics, University of Chicago, Chicago, Illinois) 


(Received for publication, July 26, 1954) 


Information regarding the metabolism of the mucopolysaccharides of 
connective tissue is almost completely confined to studies dealing with the 
ester sulfate group. Thus, Layton et al. have reported the fixation in vivo 
of sulfate by embryonic and adult mammalian tissues (1, 2), while Dzie- 
wiatkowski et al. (3, 4) demonstrated the uptake of radioactivity in the 
chondroitinsulfuric acid (CSA) of the cartilage of young rats following the 
administration of NaoS*QO,. After a single injection of Na.S*®QO,, Bostrém 
(5) showed that maximal radioactivity in the CSA of the cartilage of rats 
was attained in 24 hours, declining thereafter to reach half that level 17 
days after the injection. 

A convenient source of connective tissue in man and animals is the skin 
in which the mucopolysaccharides, hyaluronic acid (HA) and CSA, have 
been identified (6-8). The incorporation of S* in the CSA isolated from 
the skin of rats injected with Na2S*O, has been reported by Bostrém and 
Gardell (9). As in cartilage, the maximal level of S** of the CSA occurred 
24 hours after a single dose of the labeled sodium sulfate. The decline of 
radioactivity in the CSA from the skin, however, appeared to be more 
rapid than that from the cartilage. 

While the use of S*° permits a study of the esterified sulfate group of 
CSA, it offers no information regarding the carbon skeleton of the CSA or 
of the non-sulfated polysaccharide, HA. For these reasons, a study of 
the skin mucopolysaccharides with C'™-labeled compounds alone and in 
combination with S*-labeled sodium sulfate has been undertaken. It is 
the purpose of this communication to report the results of experiments in 
which C'-carboxyl-labeled acetate was utilized. 


Methods 


Male adult rabbits of the Swift strain, weighing between 2 and 2.8 kilos, 
were used. In one experiment, three pairs of animals were injected sub- 
* This investigation was aided by grants from the National Heart Institute, 
United States Public Health Service, the Chicago Heart Association, and the Variety 


Club of Illinois. 
t Established Investigator of the American Heart Association. 
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cutaneously with 150 we. of C'-carboxyl-labeled sodium acetate in 10 ml. 
of a 0.15 Mm solution daily for 3, 5, and 8 days, respectively, and sacrificed 
approximately 18 hours after the last injection. 

In a second experiment, 750 ue. of C'-carboxyl-labeled sodium acetate, 
as a 0.15 m solution, were administered subcutaneously in three doses over 
an 8 hour period into each of eight rabbits. Pairs of animals were sacri- 
ficed 1, 4, 8, and 12 days after the first injection. 

The animals were skinned and the mucopolysaccharide fractions were 
isolated from the skin, as described previously (8). Aliquots of the sepa- 
rated fractions were oxidized to COs and counted as BaCQs, corrected to 
“infinite thickness.” 


eee 


Fic. 1. Radioactivity of the HA and CSA fractions of the skin of rabbits (cor- 


rected for body weight) injected daily with CH;C“OONa. 


Results 


The incorporation of C™ in the HA and CSA fractions of rabbit skin 
after 3, 5, and 8 days of CH;C“OONa administration is illustrated in Fig. 
1. A marked difference in the apparent rate of synthesis of the two muco- 
polysaccharide fractions was found, that of HA being more rapid. Due to 
insufficient samples, the radioactivity of the separated acid polysaccharides 
could not be determined for all fractions. 

Since the experiment was not continued for a sufficiently long period 
to obtain maximal labeling, half life times could not be obtained from 
these data. However, the relative slopes in Fig. | suggest that the rate 
of incorporation of C'™ in the HA is about 3 times that in the CSA fraction. 

The second experiment was designed to measure the rate of turnover of 
these compounds from a decay curve. It is to be noted (Fig. 2) that the 
initial radioactivity (18 hours after the injection of the last dose of acetate) 
is again much higher for the HA than for the CSA fraction, confirming the 
findings illustrated in Fig. 1. Linearity is not manifested, as would be 
expected if the decay followed apparent first order kinetics. Graphic ap- 
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Fic. 2. Log of the average radioactivity of the HA and CSA fractions from rabbit 


skin (corrected for body weight) plotted against time in days after the first injection 
of CH;C#OONa. 
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Fic. 3. Total radioactivity of the HA and CSA fractions and of their respective 
N-acetyl moiety plotted against time in days after the first injection of CH;C“OONa. 
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proximation of the half life times indicates 1.9 days for HA and 7 days for 
CSA. The latter figure is similar to the half life time of 9 to 10 days 
obtained by Bostrém and Gardell (9) for CSA of the skin of rats, as deter- 
mined by experiments with S*., 

The respective mucopolysaccharide fractions from each pair of rabbits 
were pooled in order to obtain sufficient material for degradation. The 
N-acetyl moiety was isolated as the 2-methylbenzimidazole (10) after 
chromic acid oxidation (11) of an aliquot of each fraction. Upon degrada- 
tion of the methylbenzimidazole (10), the radioactivity was found to be 
confined to the benzimidazole nucleus which contains the acetyl carboxyl 
carbon atom. When the total radioactivity of the HA and CSA fractions 
was compared with the total radioactivity of the 2-methylbenzimidazole, 
the bulk of the radioactivity of the two mucopolysaccharide fractions was 
found to reside in the N-acetyl moiety (Fig. 3). 

A small portion of the total radioactivity of the HA and CSA fractions, 
which was not accounted for by the radioactivity of the N-acetyl moiety, 
may be contained, in part, in the hexosamine moiety. The radioactivity 
of the glucosamines, which were isolated from hydrolysates of the HA 
samples by the method of Gardell (12) after dilution with inactive glu- 
cosamine, was of such a low order as to preclude any conclusions from the 
data. 


DISCUSSION 


It must be emphasized that the results of the experiments described 
demonstrate essentially the rate of synthesis of the N-acetyl portion of 
the HA and CSA molecules. The apparent direct utilization of acetate as 
a precursor for the N-acetyl group is in conformity with the finding by 
Dorfman et al. (13) that acetate is so utilized in the synthesis of HA by 
hemolytic streptococci. Bostrém and Mansson (14) obtained incorpora- 
tion of C'™ from methyl-labeled acetate in cartilage slices. The C™ of the 
acetate isolated from the CSA was found to be distributed between the 
methyl and carbon group, suggesting that direct incorporation of acetate 
was not being studied. 

Whether each moiety of the disaccharide unit has an individual or 
characteristic rate of turnover or whether the polysaccharides turn over 
as a single entity is yet to be determined. In view of the finding that a 
portion of the HA molecule has an apparent half life of less than 2 days, 
the mucopolysaccharides of the connective tissue ground substance can no 
longer be considered relatively inert compounds. If the skin of animals 
contains a mixture of isomeric chondroitinsulfuric acids, as postulated in 
the first paper of this series (8), the radioactivity observed in the CSA 
fractions would represent a measure of their average radioactivity. 

The data available give no indication of the failure to follow apparent 
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yx __ first order kinetics. Although some of the inconsistency may result from 
rs. animal variation and experimental error, the observed effect seems to be 
r- greater than might be expected on this basis. Since the amount of radio- 


activity administered was great, it is possible that release of acetate from 
ss | the metabolism of highly labeled substances such as the lipides may have 


e occurred, which could account for the significant increase in radioactivity 
yr of CSA and the failure of the radioactivity of HA to decline in the period 
" from the 8th to the 12th day. A similar explanation has been offered by 
e | Pihl, Bloch, and Anker (15) for the failure to attain constant radioactiv- 
‘| ity in acetate excretion upon continued feeding of labeled acetate. It is 
s _ also possible that some degradation product of the mucopolysaccharides, 


. f— notin equilibrium with the acetate pool, was utilized again. 


SUMMARY 


1. Following the administration of C'-carboxyl-labeled acetate to rab- 
bits, the radioactivity of the hyaluronic acid and chondroitinsulfuric acid 
, fraction isolated from the skin was found to be confined largely to the 
N-acetyl moiety. 

2. Graphic approximation of the half life times from decay curves of the 
hyaluronic acid and chondroitinsulfuriec acid fraction indicates a value of 
1.9 days for the former and 7 days forthe latter substance. These values 
represent essentially the rate of synthesis of the N-acetyl portion of the 
respective polysaccharides. 


The authors are indebted to Dr. Saul Roseman for the preparation of 
the CH;C“OONa and for many valuable suggestions. 
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HOMOCYSTEINE TRANSMETHYLASE OF 
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(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 26, 1954) 


In 1939 du Vigneaud ef al. (1) observed that betaine behaves similarly 
to choline in permitting growth of rats with homocystine as the only sulfur 
containing amino acid. This suggested that rat tissues contain an enzyme 
capable of transferring methyl groups from betaine to homocysteine to 
form methionine. More direct evidence that betaine can act as a donor 
of labile methyl groups has since been obtained (2,3). It has been shown 
that only organs possessing an active choline oxidase are able to utilize 
choline instead of betaine as a methyl! donor for the synthesis of methio-— 
nine (4). Choline, which has been found to serve as a methyl donor in 
crude systems only under aerobic conditions (4, 5), is converted to di- 
methylglycine and not to dimethylethanolamine when incubated with 
homocysteine in rat liver homogenates (6). Therefore, betaine rather than 
choline seems to be the ultimate methyl donor for the methylation of homo- 
cysteine. 

A correlation between the requirement for compounds acting as donors 
of labile methyl groups and the vitamin composition of the diet for higher 
animals has been observed by several authors. A somewhat similar relation- 
ship exists also in microorganisms. The influence of vitamin Bye (7-26), 
folic or folinie acid (8, 18, 27-29), and p-aminobenzoic acid (16, 30) on the 
transfer of labile methyl groups has been studied by numerous authors. 
However, as relatively little work has as vet been carried out zn vitro in 
this connection on betaine-homocysteine transmethylase, the evidence for 
the influence of these vitamins on the activity of this and other enzymes 
concerned with the transfer of labile methyl groups is mainly of a circum- 
stantial nature. 

In the present investigation, a method for the partial purification of 
betaine-homocysteine transmethylase from rat and pig liver has been de- 
veloped. We have investigated some of the physical and chemical proper- 

* Published with the approval of the Director of the Wisconsin Agricultural Ix- 
periment Station. Supported in part by a grant from the Nutrition Foundation, 
Ine., New York. 

t Fellow of the Sweden-America Foundation. 
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ties of the partially purified enzyme and have begun studies on the cofactor 
requirements of the enzyme in vitro. 


EXPERIMENTAL 


General M ethods—Betaine-homocysteine transmethylase activity was es- 
timated by determination of the amount of methionine formed after various 
periods of incubation of the enzyme with the substrates betaine and homo- 
cysteine. The procedure was essentially the same as that described by 
Williams et al. (22). Since the transmethylase activity was found to be 
the same under aerobic and anaerobic conditions, the incubation was gener- 
ally carried out in ordinary test-tubes instead of in Thunberg tubes. In 
the colorimetric determination of methionine, the red color obtained upon 
addition of the 9:1 mixture of concentrated hydrochloric acid and 85 per 
cent phosphoric acid was developed overnight at 5°. The color intensity 
was measured in a Beckman model DU spectrophotometer at 5100 A. 

Nitrogen was determined with a semimicro-Kjeldahl procedure. Ab- 
sorption spectra were generally measured with a Cary recording spectro- 
photometer, model 11. Some absorption maxima obtained with the Cary 
recording spectrophotometer were checked with a Beckman model DU 
spectrophotometer. 


Purification of Betaine-Homocysteine Transmethylase 


The livers of adult albino rats of the Sprague-Dawley strain were used 
for one source of the betaine-homocysteine transmethylase. The livers 
were removed and chilled in ice immediately after the animals had been 
sacrificed by decapitation. 4 parts of 0.039 m phosphate buffer (pH 7.4) 
were added to 1 part of liver. The mixture was homogenized in a Potter- 
Elvehjem glass homogenizer or, when large quantities were used, in a War- 
ing blendor. 

The liver homogenates prepared as above were frozen in a mixture of 
acetone and dry ice, rapidly thawed, and centrifuged at 35,000 x g for 30 
minutes at 0°. A fairly large amount of inactive liver proteins was re- 
moved by this step, and almost all of the transmethylase activity remained 
in the supernatant fluid. Different methods of further fractionation of the 
proteins of the supernatant fluid were studied. Acetone was found to be 
inefficient as a fractionation agent. Ammonium sulfate interfered with the 
assay for methionine to such an extent that the efficiency of the fractiona- 
tion could not be estimated. Dialysis could not be used for removing 
ammonium sulfate since purified enzyme preparations rapidly lose their 
transmethylase activity when dialyzed even if the temperature is kept 
close to 0°. This loss of activity was found not to be due to loss of a co- 
factor. 
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A fractionation procedure with ethanol was finally employed. In the 
first step ethanol was added to the supernatant fluid of the frozen and 
thawed rat liver homogenate to give a 20 per cent mixture. This mixture 
was stirred for 5 minutes in an ice bath and then centrifuged at 3200 X g 
for 10 minutes at 0°. The precipitate was discarded. Ethanol was added 
to the supernatant fluid to give a 22 per cent mixture. This was stirred 
for 10 minutes at 0° and centrifuged for 10 minutes at 3200 & g at O°. The 
precipitate formed was also discarded. The ethanol concentration of the 
supernatant fluid was then brought to 24 percent. The mixture was stirred 


TABLE I 


Betaine-Homocysteine Transmethylase Activity of Various Combinations of Rat 
and Pig Liver Enzyme Preparations 


| Transmethylase ac- 
Preparations* formed per incuba~ 
— | tion mixture per 
3 hrs. 
Rat liver | 1 ml. 24-26% ethanol fraction + 1 ml. buffer 37 
1 “ Solution I + 1 ml. buffer 0 
1 Il + 1 0 
I+1 Solution II 30 
Pig ‘ 1 ‘** 36-39% ethanol fraction + 1 ml. buffer | 51 
1 “ Solution I + 1 ml. buffer 0 
«4 Solution II from pig liver 18 
B boiled 36-39% ethanol pig 51 
liver fraction 
1 ml. Solution I + 1 ml. Solution II from rat liver 60 


* Solutions I and II for the rat and pig liver enzymes were prepared as described 
in the text. Solution I probably contains the apoenzyme; Solution II, the cofactor. 


and centrifuged as before. For the next step the ethanol concentration 
was brought to 26 per cent, and the mixture kept ice-cold for about 15 
minutes and then centrifuged at 3200 *& g for 15 minutes. The precipitate 
which contained the enzyme was dissolved in 0.039 mM sodium potassium 
phosphate buffer (pH 7.4). The resulting enzyme solution was found to 
be completely soluble even if frozen and thawed several times. This prep- 
aration was fairly unstable, however, if allowed to stand for several days, 
even when frozen. 

Further purification was achieved by heating the 24 to 26 per cent etha- 
nol fraction at 80° for 90 seconds. The preparation was then cooled to 
0° and the pH adjusted to 4.6 with dilute hydrochloric acid. After 10 to 
15 minutes at 0°, the enzyme preparation was centrifuged at 3500 X g for 
2to3 minutes. The pH of the supernatant fluid (Solution I) was immedi- 
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ately adjusted to 7.4 with dilute alkali. The precipitate was homogenized 
in phosphate buffer in a Potter-Elvehjem homogenizer and centrifuged. | 
The pH of the second supernatant fluid (Solution II) thus obtained was | 
also adjusted to 7.4. Both Solutions I and II exhibited no transmethylase 
activity when tested individually (Table I). When combined, however, 
activity was obtained. The enzyme preparation obtained by mixing Solu- 
tions I and II was about 60 times more active on a protein basis than the 
original liver homogenate. The protein precipitate obtained in the same 
operation as Solution II was completely inactive. As will be pointed out 
later, this procedure of adjusting the pH to 4.6 probably involves a splitting 
of the apoenzyme from its cofactor. The apoenzyme remains in Solution 
I, while the cofactor is removed from the enzyme and is carried down with | 
insoluble proteins. Extraction of the insoluble residue with phosphate 
buffer releases the cofactor into Solution II. Thus when Solution I and 
Solution II are combined, transmethylase activity is obtained. 

The betaine-homocysteine transmethylase of pig liver was purified in a 
similar way with ethanol as the precipitating agent. For the first step 
the concentration of ethanol was brought to 30 per cent. Further addition | 
of ethanol proceeded stepwise at 3 per cent ethanol intervals. All other 
operations were the same as in the case of rat liver. A 36 to 39 per cent 
fraction was generally used in the study of pig liver transmethylase. 


RESULTS AND DISCUSSION 

The betaine-homocysteine transmethylase activity of protein fractions 
of rat and pig liver plotted versus ethanol concentration is presented in 
Fig. 1. For the experiment with rat liver the ethanol concentration was 
increased in steps of 4 per cent above 20 per cent; for pig liver, 3 per cent 
steps were used above a 30 per cent ethanol level. Fig. 1 shows that the 
solubility of the transmethylase of rat liver in ethanol-buffer mixtures dif- 
fers considerably from that of pig liver. 

The transmethylase activity of whole rat liver homogenate, expressed 
as micrograms of methionine formed per mg. of N after a 3 hour incuba- [ 
tion, is approximately 8.0. The corresponding figure for pig liver homog- 
enates is about 8.5. As can be seen from Fig. 1, the best 4 per cent fraction 
from rat liver has an activity of 166 y of methionine per mg. of N, whereas 
the best pig liver fraction has an activity of 133 y of methionine per mg. of — | 
N. 

Fractionation of rat liver homogenates with ethanol in 2 per cent steps 
and further purification of a 24 to 26 per cent ethanol fraction, vielding two 
Solutions I and IT as described under “Experimental,” give transmethylase 
preparations having an activity of approximately 480 y of methionine per 
mg. of N. This corresponds to a 60-fold purification. The concentration 
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of protein (N X 6.25) in the best enzyme preparations has been quite low, 
about 230 y per ml. Nearly all of the nitrogen is found in Solution I. 

Boiling Solution I completely destroys the transmethylase activity of a 
mixture of Solutions I and II. Boiling Solution II, however, has no effect 
on the enzyme activity. Solution I, therefore, probably contains the apo- 
enzyme; Solution II, a cofactor. This cofactor is stable to boiling at pH 
3.0 for 6 minutes, but appears to be partially destroyed when boiled for 
6 minutes at pH 10.0. 

The ethanol fraction (24 to 26 per cent for rat liver) from which Solu- 
tions I and II are obtained shows absorption maxima at 2750, 4130, 5400, 
and 5750 A. The peaks at 4130, 5400, and 5750 A could not be detected 
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Fig. 1. Ethanol fractionation of rat and pig liver homogenates for betaine-homo- 
evsteine transmethylase. 


after this fraction was heated at 80° for 90 seconds and the denatured pro- 
tein centrifuged. Solution I has only one absorption maximum, which 
occurs at 2750 A, while Solution II has a sharp peak at 2580 A, which had 
formerly been masked by impurities in the whole, unseparated fraction. 

We have thus far been unable to prepare Solution II from pig liver which 
upon addition to Solution I from either rat or pig liver results in the same 
degree of reactivation as does an extract from boiled whole pig liver homog- 
enate or an extract from boiled pig liver fraction (Table-I). This may be 
due to the presence in pig liver of a high concentration of an enzyme which 
brings about destruction of the cofactor on adjustment of the fraction to 
pH 4.6. It is interesting to note that Solution IT from rat liver shows full 
activity when added to the apoenzyme of pig liver. It has also been pos- 
sible to obtain active transmethylase preparations by mixing apoenzyme 
from rat liver with boiled whole pig liver fractions. 

As shown in Fig. 2, a marked dependence of pH was observed for the 
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partially purified preparations both for rat and pig liver transmethylase. 
The pH optimum lies near 7.8 for betaine-homocysteine transmethylase 
from both rat and pig liver. This pH optimum is the same as that of the 
transmethylase with dimethylthetin as methyl donor (31). 

Borsook and Dubnoff (3) have shown that the betaine-homocysteine 
transmethylase of rat liver slices or homogenized and lyophilized liver 
preparations is active under both aerobic and anerobic conditions. They 
also observed, as did Valyi-Nagy (32), that cyanide does not inhibit the 
activity of this transmethylase. In the present studies on partially puri- 
fied betaine-homocysteine transmethylase we have also found this enzyme 
to be equally active under aerobic and anaerobic conditions. Neither 
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Fic. 2. The effect of pH on the activity of betaine-homocysteine transmethylase 
from rat liver (24 to 28 per cent ethanol fraction) and from pig liver (36 to 39 per cent 
ethanol fraction). 


choline nor betaine aldehyde was found to serve as a methyl donor with 
the enzyme preparations used in these studies. In addition, no betaine 
aldehyde dehydrogenase activity was detectable in these preparations. 

The transmethylase activity was found not be affected by the presence 
of 0.05 m sodium cyanide, 0.005 m ethylenediaminetetraacetate, or 0.0025 
M 8-hydroxyquinoline. Addition of a solution of ash from rat liver to an 
apoenzyme preparation from rat liver did not significantly alter the trans- 
methylase activity. Similarly, a combination of ash and cofactor was un- 
able to activate the apoenzyme more than the cofactor alone. 

Since it is possible to speculate that cystathionine or a cystathionine- 
like compound might be an intermediate in the transfer of the methyl group 
of betaine to methionine (33), the effect of the addition of serine to the in- 
cubation mixture used in these studies was investigated. No stimulating 
effect by serine was noted either with the partially purified enzyme or with 
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crude enzyme preparations from rat liver. We have also found that the 
addition of adenosinetriphosphate has no effect on the activity of either the 
crude or the partially purified enzyme. 

Several reports in the literature indicate that vitamin By» might be in- 
volved in the transfer of labile methyl groups (7-24). In some preliminary 
experiments we have followed the concentration of vitamin By with trans- 
methylase activity during the ethanol fractionation procedure. No direct 
correlation could be observed. It seems more probable for the present that 
vitamin By exerts its effect by being necessary for the synthesis of some 
part of the transmethylase enzyme rather than by being directly involved. 
This problem is being investigated further at present. 


SUMMARY 


A method for the partia] purification of betaine-homocysteine trans- 
methylase has been described. The procedure, which involves a simple 
ethanol fractionation, has been used for the concentration of the enzyme 
from rat and pig liver. Enzyme preparations showing about 60-fold in- 
crease in activity on a protein basis have been obtained from rat liver. 

The betaine-homocysteine transmethylase activity varies markedly with 
pH. The pH optimum of both rat liver and pig liver transmethylase is 
near 7.8. 

Cleavage of the betaine-homocysteine transmethylase into apoenzyme 
and a cofactor has been achieved with partially purified enzyme prepara- 
tions. Evidence has been presented that the transmethylase of rat liver 
has the same cofactor as the transmethylase of pig liver. 

Various other studies with this enzyme, such as requirement for inorganic 
ions, the effect of serine, the effect of the addition of adenosinetriphos- 
phate, stability of the cofactor, absorption maxima of the apoenzyme and 
cofactor preparations, and the possible réle of vitamin By in the system, 
have been presented and discussed. 
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GLUCOSE-6-PHOSPHATE DEHYDROGENASE OF 
ADRENAL TISSUE* 


By THOMAS L. KELLY,t ELDON D. NIELSON,{ R. BERNAL 
JOHNSON,§ anp CARL 8S. VESTLING 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


(Received for publication, August 12, 1954) 


The direct oxidative pathway of glucose utilization or the hexose mono- 
phosphate shunt has received a great deal of attention recently, and nu- 
merous attempts have been made to evaluate its importance in various 
tissues. Glock and McLean, in making a survey of the levels of enzymes 
of this pathway in a number of mammalian tissues, recently reported un- 
usually high activity in the adrenal glands, particularly in the adrenal 
cortex (1). This paper reports the results of an investigation of carbo- 
hydrate metabolism in adrenal tissue which also led to this finding. At the 
time this investigation was started, the knowledge of carbohydrate metabo- 
lism in the adrenal gland was limited to the observation that a glycolytic 
system could be obtained from adrenal tissue (2, 3) and that certain inter- 
mediates of the tricarboxylic acid cycle could be oxidized by the adrenal 


gland (4, 5). 


Evidence is presented in this report for the existence of two different 
pathways of glucose utilization in adrenal tissue. Besides the glycolytic 
pathway, there is shown to be a very active alternative pathway which 
proves to be the hexose monophosphate shunt. The cyclic nature of this 
pathway is indicated in adrenal systems as it has been previously in other 
tissues. A comparison is given of the glucose-6-phosphate dehydrogenase 
levels of a number of mammalian tissues, and Glock and McLean’s report 
of the unusually high activity in adrenal cortex is confirmed. A_ prelim- 
inary report of this work was presented earlier (6). 
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DAG ADRENAL GLUCOSE-6-PHOSPHATE OXIDATION 


EXPERIMENTAL 


Tissue Homogenates—Guinea pig adrenals and rat tissues were used 
immediately after removal from the animals. Beef tissues were frozen on 
dry ice when collected at a local slaughterhouse and stored at —11° until 
used. The cortex of beef adrenal was dissected from the medulla while 
thawing was taking place. Homogenization was carried out in glass equip- 
ment according to the method of Potter and Elvehjem (7). All tissues 
were minced, placed in an ice-cold medium, and homogenized at high speed 
for 2 minutes. The medium used with guinea pig adrenals was either 
distilled water or a modified isotonic Ringer’s solution. Results were 
essentially the same with either solution. All other homogenates were 
made up in distilled water. 

Materials—Substrates used in this work were glucose, fructose, fructose 
diphosphate (Schwarz Laboratories, Inc.), fructose-6-phosphate (8), glu- 
cose-l-phosphate (9), glucose-6-phosphate (Sigma Chemical Company), 
6-phosphogluconic acid (10), and ribose-5-phosphate (Nutritional Bio- 
chemicals Corporation). The barium salts of the phosphates were con- 
verted to the sodium salts by treatment with sodium sulfate. 

Diphosphopyridine nucleotide (DPN) was obtained from yeast accord- 
ing to the method of LePage (11) in about 25 to 45 per cent purity. Tri- 
phosphopyridine nucleotide (TPN) was prepared from sheep liver by the 
method of Kornberg and Horecker (12). It contained about 50 per cent 
TPN and no DPN. 

Thiamine pyrophosphate was obtained from Hoffmann-La Roche, Inc. 
Cytochrome c was prepared from horse heart by the method of Keilin and 
Hartree (13) and adenosinetriphosphate (ATP) by the method of LePage 
in Umbreit et al. (14). 

Measurements of Oxygen Consumption—Incubations were carried out in 
conventional Warburg flasks. The total volume of the flask content was 
3.2 ml., including 0.2 ml. of 10 per cent KOH in the center well. | In addi- 
tion to the homogenate and substrate, the vessels contained in all cases 
DPN, ATP, evtochrome ¢, and nicotinamide. The buffer used was a modi- 
fed Ringer's solution having the following composition: NaCl O12 “, WOT 
Megs), and phosphate buffer Na pil 
74,0025 40 The ATP and DPN were added from the side arm after 10 
minutes of equilibration at 37 om the constant temperature bath The 
served te the The permed was hour, aed 
were takes: at 10 mite Control flawk« 
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with trichloroacetic acid. Pyruvic acid was determined in the TCA fil- 
trates by the method of Lu (14). 

Spectrophotometric Assays—A model DU Beckman quartz spectropho- 
tometer was used for all measurements of optical density. The glucose-6- 
phosphate dehydrogenase assays were carried out at approximately 25°. 
The cell contents were glycylglycine buffer, pH 7.4, 0.08 m; TPN 6.7 xX 
10-° mM, glucose-6-phosphate 1.67 X 10-% M, an appropriate amount of 
enzyme solution to give a linear increase in optical density for at least 2 
minutes, and distilled water to make a final volume of 3.0 ml. A blank 
solution contained all of the components except the glucose-6-phosphate. 
The reaction was initiated in the experimental cell by the addition of the 
glucose-6-phosphate solution. The course of the reaction was followed by 
observing the increase in optical density at 340 my at 20 second intervals. 


Results 


A system was developed for the utilization of glucose by homogenates 
of guinea pig adrenal, as determined by measurements of oxygen con- 


sumption. Definite requirements were found for the additions of ATP 


and DPN. Cytochrome ¢ was also used to promote maximal oxygen up- 
take. Nicotinamide was added presumably to inhibit the breakdown of 
DPN. After the system had been developed for optimal utilization of 
glucose, it became of interest to see how far the breakdown of glucose 
proceeded. The use of glucose, fructose, hexose monophosphates, and 
hexose diphosphate (HDP) as substrates led to consumption of oxygen 
under the conditions which had been established. However, when pyru- 
vate was used as the substrate in the complete system, there was no net 
oxygen consumption. Neither the addition of fumarate nor minor changes 
in the system such as the addition of manganous ions and alterations of the 
ion concentrations of the flask contents or homogenizing fluids aided in 
the oxidation of pyruvate. 

The fact that pyruvate could not be oxidized under the conditions of 
this svstem provided a means for evaluating the importance of glycolysis 
in adrenal metabolism. Assuming that glucose would be broken down 
~olely by the Meverhof-Embden glycolytic scheme, pyruvate should accu- 
mulate in the vessels according to the equation 


rates of moles af pyruvate formed to moles af oxygen comeumed 
steely were of the after the gets 
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demonstrated. As can be seen in Table I, when glucose, fructose, or the 
hexose monophosphates were used, the Py:O ratio was only about one- 
tenth of the theoretical value. 

The establishment of the Py:O ratio of about 2:1 with HDP as the 
substrate served as proof that the utilization of carbohydrate in the adrenal 
system did not proceed beyond the pyruvate stage via the Meyerhof- 
Embden pathway. However, the extremely low Py:O ratios observed 
with the other substrates indicated that a non-glycolytic pathway, which 
does not result in the formation of pyruvate, could be followed if the 
substrate did not reach the hexose diphosphate stage. On the basis of 
pyruvate formation, it appeared that only 10 to 20 per cent of the oxygen 


Pyruvate Formation :a Guinea Pig Adrenal Homogenates 
Substrate, 0.0018 consumed, umoles Py:O ratio 
| 
| 2.64 | 0.57 0.22 
| 1.35 | 0.28 | 0.21 
Glucose-1-phosphate........... | 1.98 | 0.48 | 0.24 
Fructose-6-phosphate........... | 2.62 | 1.02 | 0.39 


The Warburg vessels contained the following: NaCl 0.064 m, KCI 0.0025 m, MgSO, 
0.0019 m, Na phosphate buffer, pH 7.4, 0.011 M, nicotinamide 0.13 m, cytochrome c 
0.000013 m, ATP 0.0044 m, DPN 0.00046 M, substrate 0.0018 m, and 0.4 ml. of a 10 per 
cent adrenal homogenate. 


consumed in the case of these other substrates gave rise to pyruvic acid 
via HDP. 

Todoacetic Acid Inhibition—Studies with this inhibitor strengthened the 
view that glucose oxidation in this system did not involve HDP as an 
obligatory intermediate, for the behavior was again different when iodo- 
acetic acid was used with the various substrates. When HDP was the 
substrate, the oxygen consumption was inhibited from 90 to 100 per cent, 
as shown in Table II, whereas the inhibition when glucose and the hexose 
monophosphates were used was from 8 to 50 per cent. That inhibition 
was greater with fructose and glucose than with the phosphates indicated 
an inhibition of hexokinase by the iodoacetic acid. Pyruvate formation 
was abolished in the poisoned system with glucose or hexose monophos- 
phates as substrate; however, in the system which utilizes HDP, small 
amounts of pyruvate did form, yielding a Py:O ratio in the neighborhood 
of 2. 

The foregoing results indicated that a non-glycolytic pathway was un- 
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usually active in adrenal tissue. It seemed very likely tha 
colytic pathway would be the hexose monophosphate shu 
which had previously been observed in mammalian tissues ( 
though only DPN had been used in these experiments, and 
oxidation of glucose-6-phosphate (G-6-P) requires TPN as a coenz 
is possible that TPN synthesis from DPN took place in the adrenal system 
in the presence of ATP. For further investigation of the non-glycolytic 
pathway in adrenal tissue, beef adrenals were used in order to have a 
greater supply of material and to make possible the separation of cortical 
tissue from medullary tissue. 


II 
Inhibition of Oxygen Consumption by Iodoacetic Acid 
; Amount Net oxygen Inhibition, 
Substrate System — per cent 
HDP 3.0 Normal 0.82 
Poisoned 0 100 
5.5 Normal 1.46 
Poisoned 0.11 93 
Glucose 5.5 Normal 3.3 
Poisoned 1.7 50 
Fructose 5.5 Normal 1.35 
Poisoned 0.67 50 
Glucose-1-phosphate 5.5 Normal 1.96 
Poisoned 1.47 26 
Fructose-6-phosphate 5.5 Normal ' 2.58 
Poisoned 2.39 8 


The conditions were the same as in Table I, except for 0.00054 m iodoacetic acid in 
the poisoned systems. 


The system used for manometric studies of guinea pig adrenal homoge- 
nates was reproduced with homogenates of beef adrenal cortex. Whole 
beef adrenal is not suitable for manometric measurements because oxida- 
tion of the medullary adrenaline to adrenochrome frequently interferes with 
the calculation of oxygen consumption. With the beef adrenal system, 
G-6-P served as an excellent substrate for respiration, and TPN proved to 
be more effective than DPN as a cofactor, lending support to the idea that 
the non-glycolytic pathway under observation was the hexose monophos- 
phate shunt. 

Isolation of TPN-Specific Pathway—The spectrophotometric assay for 
glucose-6-phosphate dehydrogenase provided a more specific means of in- 
vestigating oxidative glucose metabolism in the adrenal cortex. A solu- 
tion of the enzyme system suitable for spectrophotometric use was ob- 
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tained in the following manner. A 20 per cent homogenate of beef adrenal 
cortex in distilled water was centrifuged at 0°, for 30 minutes, at approxi- 
mately 20,000 X g. The supernatant solution was then dialyzed against 
distilled water for 24 hours. This dialyzed adrenal cortical extract was 
highly active with respect to glucose-6-phosphate dehydrogenase. That 
the system was now completely TPN-specific can be seen in Fig. 1. There 
was no activity when DPN and G-6-P were used. Fig. 1 also shows the 
result of using 6-phosphogluconic acid as the substrate in the assay. The 
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Fic. 1. TPN-specific oxidations in adrenal cortical extracts. All the cells con- 
tained glycylglycine buffer, pH 7.4, 0.08 m, and an appropriate amount of adrenal 
cortical extract. The total volume was 3.0 ml. O, glucose-6-phosphate, 1.67 X 
10-* m; @, 6-phosphogluconic acid, 1.67 10-* solid line, TPN, 6.7 K 10-5 and 
dash line, DPN, 6.7 X 

Fic. 2. Conversion of R-5-P to G-6-P in adrenal cortical extract, followed by 
G-6-P oxidation. The cell contents were: @, extract, glycylglycine buffer, pH 7.4, 
0.08 m, TPN 6.7 X 10-5 Mm, ribose-5-phosphate, 8.35 X 10-* mM; O, all of the above plus 
0.4 mg. of thiamine pyrophosphate and MgCl, 2.7 K 1073 m. 


adrenal extract is capable of oxidizing this material by another TPN- 
dependent reaction. Actually, the activity measured with G-6-P as the 
substrate must be considered as the sum of the activities of the two TPN- 
specific dehydrogenases, since 6-phosphogluconic acid is formed as the 
result of the first reaction. A method for measuring the activity of glu- 
cose-6-phosphate dehydrogenase specifically in a crude system is men- 
tioned in another section. 

A complete separation of the two dehydrogenases was obtained by 
precipitation with ammonium sulfate. A fairly efficient separation can 
be obtained originally at a 50 per cent saturation level. Practically all of 
the glucose-6-phosphate dehydrogenase is precipitated at this salt concen- 
tration, while about 60 per cent of the 6-phosphogluconic acid dehydro- 
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genase is left in the supernatant solution. Repeated precipitations of the 
glucose-6-phosphate dehydrogenase at the 50 per cent saturation level 
resulted in a solution of this enzyme which was completely free of 6-phos- 
phogluconic acid dehydrogenase. 

Conversion of Ribose-5-phosphate to Glucose-6-phosphate by Adrenal 
Enzymes—In recent years the direct oxidative pathway has been shown to 
involve, at least partially, a cyclic system by which ribulose-5-phosphate, 
the product of the oxidation of 6-phosphogluconic acid, is converted back 
to glucose-6-phosphate. The conversion of ribose-5-phosphate (R-5-P) 
to G-6-P was found to take place in the adrenal extract. Fig. 2 shows 
that TPN reduction gradually takes place when R-5-P is used as the 
substrate in the glucose-6-phosphate dehydrogenase assay. The presence 
of thiamine pyrophosphate and magnesium ions increases the rate of the 
conversion. These components were shown by Horecker and Smyrniotis 
(17) and Racker et al. (18) to activate the transketolase enzyme responsible 
for the formation of sedoheptulose from ribulose. The lag period in both 
cases might be due to the necessity of forming sufficient amounts of ribu- 
lose-5-phosphate from R-5-P to start the reaction. 

Detection of Intermediates in Conversion of R-5-P to G-6-P in Adrenal 
System—An attempt was made to detect the presence of the proposed 
intermediates in the conversion of pentose to hexose by the use of the 
cysteine-carbazole reaction of Dische and Borenfreund (19). This reaction 
is used for the detection of ketoses, and different ketoses can be differen- 
tiated according to the wave-length of the absorption maximum of the 
reaction product. Ketopentoses show a maximum at 545 muy, ketohexoses 
at 560, and ketoheptoses at 565. 

R-5-P was incubated with the adrenal cortical extract, and samples of 
the incubation mixture were treated directly with the reagents as described 
by Dische. The absorption spectra of the resulting solutions were read 
in the range between 400 and 620 my. A solution containing all of the 
components except R-5-P was treated with the reagents and used as the 
blank for the spectrophotometric measurements. 

Fig. 3 shows the results of this experiment. There is evidence for the 
appearance of the intermediates which have been found in other systems. 
The absorption maximum for the first 30 minutes was at 545 my, with the 
optical density increasing over this period of time. This indicates the 
conversion of R-5-P to ribulose-5-phosphate. The curves for the 40 and 
50 minute samples show the appearance of a small peak at 565 my, suggest- 
ing the formation of a ketoheptose. Following this, there is a general 
broadening and shifting of the principal peak. After 80 minutes the 
maximum lies at 560 muy, indicating that the major portion of the mate- 
rials has been converted to a ketohexose. 
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Fic. 3. Absorption spectra of samples from R-5-P incubation after treatment 
with cysteine-carbazole reagents. The samples removed at time intervals (minutes) 
shown on curves. The incubation mixture (25°) consisted of the following: 2.0 ml. 
of adrenal cortical extract; 2.0 ml. of R-5-P, 0.025 m; 10 ml. of phosphate buffer, pH 


7.4,0.1 mM; and 16 ml. of distilled water. 


TABLE III 
Glucose-6-phosphate Dehydrogenase Levels of Tissue Extracts 
Beef Rat 
Tissue Units per gm Tissue Units per gm.* 
Adrenal cortex 1800 Whole adrenal 540 
” medulla 325 Kidney 95 
Kidney 75 Liver 65 
Liver 45 Brain 55 
Cardiac muscle 2 Testes 40 
Skeletal ‘ 0 Cardiac muscle 0 


The experimental cells contained the following: glycylglycine buffer, pH 7.4, 0.08 
M; TPN, 0.000067 m; glucose-6-phosphate, 0.00167 m; 6-phosphogluconic acid, 0.00167 
M; and enzyme solution. Controls containing all components except glucose-9- 
phosphate were subtracted from the experimental values. 

* 1 unit is the amount of enzyme which, at 25°, and in the system described above, 
will reduce 0.01 wzmole of TPN per minute. 
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_ Comparison of Glucose-6-phosphate Dehydrogenase Activity of Adrenal 
Tissue with That of Other Mammalian Tissues 


A comparison was made of the glucose-6-phosphate dehydrogenase 
levels of various mammalian tissues. The tissues to be compared were 
obtained from a single animal of each species, and all extracts were pre- 
pared in the manner described for the adrenal cortical extracts. A specific 
assay for glucose-6-phosphate dehydrogenase was run by using the two 
substrate method of Glock and McLean (20). A control was run which 
contained 5 ymoles of 6-phosphogluconic acid as substrate. The experi- 
mental cells contained 5 uymoles of 6-phosphogluconic acid and 5 ymoles 
of G-6-P. The activity of the control reaction was subtracted from that 
of the second reaction, thus giving a value for glucose-6-phosphate dehy- 
drogenase alone. 

Table III shows that the activity is much higher in the adrenal tissue 
than in the other tissues examined, both for the beef tissues and for the 
rat tissues. The activity is particularly high in beef adrenal cortex. 


DISCUSSION 


The unusually high glucose-6-phosphate dehydrogenase activity in 
adrenal cortex suggests that the direct oxidative pathway might play a 
particularly significant réle in adrenal metabolism. This is further evi- 
dence for the importance of TPN in adrenal metabolism since TPN has 
been found to be required in the 8-11-hydroxylation of the steroid hormones 
(21). No relationship between these two reactions of TPN in adrenals 
has been shown as yet. 

The conversion of R-5-P to G-6-P and the indications of 6- and 7-carbon 
intermediates in this conversion provide evidence that the cyclic nature of 
the direct oxidative pathway holds for adrenal tissue and apparently 
follows the route suggested by Horecker and others. The 7-carbon ketose 
observed would be in line with the formation of sedoheptulose, as has been 
observed in other tissues (22, 23). The final appearance of a 6-carbon 
ketose would follow from the formation of fructose-6-phosphate from 
sedoheptulose-7-phosphate by the transaldolase reaction (24). It has not 
been determined whether the enzymes involved in pentose conversion are 
at the same high level in adrenal cortex as glucose-6-phosphate dehydro- 
genase. 


SUMMARY 


A study of glucose breakdown in adrenal tissue led to the observation 
that a non-glycolytic pathway is very active in that tissue. The non- 
glycolytic pathway was shown to be the direct oxidative pathway. All of 
the known reactions of this pathway were shown to take place in adrenal 
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tissue. Unusually high levels of glucose-6-phosphate dehydrogenase 
activity were found in adrenal tissue, particularly in the cortex. 
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THE FRACTION OF GLUCOSE CATABOLIZED VIA. THE &, 


GLYCOLYTIC PATHWAY* 


By BEN BLOOM? anv DeWITT STETTEN, Jr.t 


(From the Division of Nutrition and Physiology, The Public Health Research 
Institute of the City of New York, Inc., New York, New York) 


(Received for publication, August 16, 1954) 


In an earlier communication (1) results of experiments were reported 
wherein lactic acid and glucose, variously labeled with C', were compared 
as precursors of CO, upon incubation with rat tissues. An expression 
(Equation 1 (1)) was developed on the assumption that all glucose passed 
through an intermediate 3-carbon acid equivalent to lactic or pyruvic acid 
prior to generation of CQ», as required in the operation of the glycolytic 
and citric acid pathways. The data secured with diaphragm sections 
were in accord with this expression, whereas comparable data with liver 
slices clearly failed to conform to this equation. These findings were 
interpreted to indicate that, in diaphragm, CO: formation from glucose 
proceeded predominantly or solely via glycolysis, but that, in liver, another 
route was operative by which carbon 1 of glucose appeared as CO2 more 
rapidly than did the average of the remaining carbon atoms. Support 
for this conclusion was derived from experiments in which glucose-1-C™“ 
and glucose-6-C' were compared as precursors of C“O, (2). With dia- 
phragm sections, carbon 1 and carbon 6 of glucose appeared to give rise to 
CO: in essentially identical yield, as expected from the unique operation 
of glycolysis, but, with liver slices, carbon 1 appeared as COz in about 3 
times the yield as did carbon 6. Comparable results have been reported 
by others (3). The operation of a non-glycolytic pathway of glucose uti- 
lization in liver slices, resembling in certain regards the ‘‘oxidative” path- 
way (4), is therefore indicated. 

In an attempt to evaluate the contribution of the glycolytic pathway, 
in contrast to non-glycolytic routes, further equations were developed to 


permit the computation of a quantity, En.x., Which was mistakenly defined 


as the fraction of CO2 derived from glucose via glycolysis. Katz ef al. 
(5) have pointed out that actually £,,,x. measures only that fraction of 
CO. coming glycolytically from carbon 1 of glucose and have derived other 


* This investigation was supported in part by a grant (A-324) from the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service. 

t Present address, National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, Bethesda, Maryland. 
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equations which permit estimation of the fraction of CO: derived glycolyti- 
cally from all the carbon atoms of glucose. 

In the further study of the operation of non-glycolytic pathways of 
glucose catabolism by liver slices, it was considered of importance to 
evaluate not only the contributions of various pathways to COz, but also 
the distribution of glucose molecules between glycolytic and non-glycolytic 
catabolic fates. To this end, equations have been developed which permit 
estimation of the fraction of glucose catabolized glycolytically. To 
implement these equations, certain quantities in addition to those included 
in earlier reports (1, 2) have been obtained. This has required the in- 
clusion of gluconic acid, variously labeled, among the substrates tested 
and fatty acids among the products studied. The present report deals 
with the results of these experiments. 


EXPERIMENTAL 


Isotopic Compounds—The sources or methods of preparation of p- 
glucose-1-C', dl-lactate-1-C'™, dl-lactate-2-C™, and dl-lactate-3-C™ have 
been noted previously (1). p-Glucose-2-C" and p-glucose-6-C™ were 
obtained from the National Bureau of Standards. Sodium gluconate-1-C" 
and sodium gluconate-6-C' were prepared from corresponding!y labeled 
glucose samples by the method of Moore and Link (6). The C" contents 
of these compounds were determined by described methods (7). 

Incubation Procedure—The tissues were obtained from male rats of the 
Sherman strain which had been maintained on Purina chow. 3 days 
prior to sacrifice, the rats were offered ad libitum a diet containing 60 per 
cent of glucose (1). Tissues for incubation were prepared as previously 
described (1). | 

The incubation medium consisted of either Krebs-Ringer bicarbonate 
buffer, as described by Umbreit et al. (8), or the potassium-rich buffer 
found to be most favorable for glycogen synthesis by Hastings et al. (9). 
The substrates added to each flask are indicated in Tables I to III. A 
description of the incubation flask, as well as further details of the incuba- 
tion procedure and COz recovery technique, has been presented (1). 

Fatty Acids—The procedure used for separation of the fatty acids con- 
sisted of digestion of the liver slices with hot aqueous potassium hydroxide, 
removal of the non-saponifiable fraction with petroleum ether, and acidifi- 
cation of the aqueous phase with H.SQ,, followed by repeated extraction 
with petroleum ether. The C™ content of the fatty acids in an aliquot of 
this petroleum ether solution was determined by an adaptation of the direct 
mounting technique of Entenman ef al. (10). Experimentally obtained 
correction factors were used to convert counts per minute mounted as 
fatty acids to counts per minute mounted as BaCO3. 
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Derwations 
Of the several possible expressions for the estimation of the fraction of 
glucose catabolized glycolytically, two have been selected for consideration. 
Each of these expressions is based in part upon different assumptions and 
depends in part upon different experimental values. It was therefore 
considered of interest to compare the results of computations by these 
two expressions. 
Definitions—Let 
Gs = radiochemical yield! of CO, from glucose-6-C' 
“ 
gluconate-6-C"™ 
‘¢ gluconate-1-C™ 


fatty acid from glucose-1-C™ 
sé sé sé lactate-3-C™ 


Let 


F or F’ = fraction of glucose catabolized glycolytically 
1 — F or 1 — F’ = fraction of glucose catabolized non-glycolytically 


Let 
G.6(/G, = M, L,/L; = N, GT./GT; = Q, 
G,/G; = H, L,/Ls = I, L;/L; = S 


First Derivation—In addition to previously stated considerations (1), 
the major assumptions made in this derivation are (a) that each molecule 
of glucose entering the glycolytic sequence promptly delivers carbons 3 
and 4 to COs, (b) that each molecule of glucose entering non-glycolytic 
pathways promptly delivers carbon 1 to COs, (c) that utilization of glucose 
by non-glycolytic pathways yields intermediates that are identical with 
those formed in the course of gluconate catabolism. 

This last assumption is predicated upon the likelihood that the alterna- 
tive pathways under consideration consist solely of the ‘‘oxidative’’ path- 
way. Since an early intermediate in the ‘‘oxidative” sequence of glucose 
catabolism is 6-phosphogluconic acid (4), and since it has been demon- 
strated that gluconic acid, though catabolized, is not reduced to glucose 
to a significant extent in animal tissue (11), 6-phosphogluconic acid is 
postulated as a plausible intermediate in gluconate catabolism. Although 
not demonstrated to date to occur in mammalian tissues, gluconokinase 
activity has been found in microbial systems (12, 13). Thus, it is con- 


1 Radiochemical yield is defined as (total counts per minute recovered in the prod- 
uct isolated)/(total counts per minute in the substrate employed) X 100. 
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sidered likely that the ratio of radiochemical yields of CO2 from gluconate- 
6-C™“ and gluconate-1-C" is equal to the corresponding ratio from such 
glucose as is catabolized via the oxidative route. 

The fraction L;/L; is equal to the ratio of yields of CO2 from carbon 1 
and carbon 3 of glucose, or from carbon 6 and carbon 4 of glucose, gly- 
colytically catabolized. Per mole of glucose-1-C' cataboiized, the antici- 
pated yield of C'O:2 produced glycolytically is proportional to F(L3/L;) 
(see the first assumption); by a non-glycolytic route, the corresponding 
yield is proportional to (1 — F) (see the second assumption). Per mole 
of glucose-6-C" glycolyzed, the yield of CO, is again proportional to 
F(L;/Iy); via a non-glycolytic pathway, the corresponding yield is propor- 
tional to (1 — F)(GT6/GT7:) (see the third assumption). Hence 


Gi F(L;/L,) + (1 — F) 
Ge -F(Ls/L,) + (1 — F) (GT./GT7;) 


From this expression, it is clear that, if the sole path of glucose catabo- 
lism is glycolytic (F = 1), identical yields of CO, will be procured from 
glucose-6-C" and glucose-1-C'. This condition is approximately fulfilled 
with diaphragm sections (2). Equation 1 may be rearranged to solve for 
F, the fraction of catabolized glucose which is glycolyzed. 


_ -Q) 
NM — Q) + M) 


Second Derivation—The major assumption, in addition to assumptions 
(a) and (b) above, upon which this derivation is based, is (d) that fatty 
acid synthesis from carbon 1 of glucose proceeds solely from glycolytic 
intermediates. This seems plausible, in view of the finding of no detecta- 
ble incorporation of radioactivity into fatty acids after incubation of liver 
slices with gluconate-1-C'. It is inferred from this that carbon 1 of glucose 
catabolized non-glycolytically is similarly excluded from fatty acids. 

The ratio L;/L; is the distribution of carbon 3 of lactate between CO, 
and fatty acids, and hence also the distribution of C'* from such glucose-1- 
C" as is glycolyzed. Since G: equals the yield of fatty acids-C™ from 
glucose-1-C" glycolyzed (see the fourth assumption), then G,(L3/Zs) 
becomes the expected yield of CQO: arising glycolytically from glucose-l- 
This quantity multiplied by gives G,(L:/L3), which is the 
expected contribution, via glycolysis, of carbon 3 of glucose to COz (see 
the first assumption) and is proportional to F’, the fraction of glucose 
glycolyzed. The expected yield of CO, via non-glycolytic pathways from 
glucose-1-C" is that actually observed, Gi, less that arising glycolytically. 
This quantity, G, — G,(L:/Ls), is proportional to 1 — F’; hence 


F’ G,(L,/Ls) 
1-—F’ G, — 


(1) 


(2) 


F 


(3) 
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or, after rearrangement and substitution, 


HI 
HI+1-—-—4HS 


F’ (4) 

The evaluation of F’ by Equation 4 depends upon experiments with 
three substrates only, whereas the evaluation of F by Equation 2 requires 
the use of six substrates. 


TaBLeE I 


Conversion of Glucose-C and Lactate-C'* to CO2 and Fatty Acids by Liver Slices 

Liver slices were incubated with 5 ml. of Krebs-Ringer bicarbonate buffer con- 
taining 50 umoles each of glucose and lactate. The location of the isotope in the 
labeled substrate is indicated below. Radiochemical yields are calculated per 500 
mg. of tissue. Each flask actually contained from 496 to 508 mg. of tissue. 


Radiochemical yield from glucose, per cent Radiochemical yield from lactate, per cent 

F CO: | F CO: | F F ay 
Gp | acids | COs | (Go | acide | (LO | acids CO | | acids 

(Gi) (L3) 
3 hr. incubation period 2 hr. incubation period 

1 | 20.7 | 3.4] 9.21 | 4.6 | 3.26; 4.4 9.65 | 12.6 | 5.24 | 11.0 
2 | 25.9 | 6.2| 13.0 | 7.4 | 5.95 | 11.0 10.1 14.5 | 5.47 | 15.0 
3 | 18.5/| 3.8] 6.94 | 3.8 | 3.35 | 5.5 10.5 | 10.5} 5.12| 8.7 
4 | 19.6 | 3.6 4.30 34.1| 8.05 | 14.1 
5 | 10.2 {1.9 4.02; 1.7 | 0O 5.28 | 4.9 
6 | 12.9 | 2.4 3.74 | 2.2 | 29.6) 8.14 7.0 


RESULTS AND DISCUSSION 


In confirmation of our earlier findings (2), in each experiment (Tables 
I and II) the radiochemical yield of CO2 was higher when glucose-1-C" 
was incubated with liver slices than when glucose-6-C™“ was similarly 
treated. The corresponding yield of CO, from glucose-2-C™ was, in 
most cases, intermediate between the former two yields. In many cases, 
the radiochemical yield of fatty acids was higher from glucose-6-C™ than 
from glucose-1-C'%. This inequality in distribution of the lst and 6th 


‘ carbon atoms of glucose demonstrates the occurrence of a catabolic fate 


for glucose other than glycolysis. One or more alternative pathways are 
apparently operating to deliver carbon 1 of glucose to CO2 more abundantly 
than carbon 6 and channelling carbon 6 preferentially into fatty acid 
synthesis. These findings are in harmony with expectations based upon 
the assumption of an active “oxidative” pathway. It may be noted that 
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the ionic constitution of the buffer medium, whether low potassium (Table 
I) or high potassium (Table II), does not influence these results. 

In confirmation of results of Felts et al. (14), the carboxyl carbon of 
lactate made no detectable contribution to fatty acid carbon. Carbons 
2 and 3 of lactate contributed to fatty acids in roughly equal amount. 


TaBLE II 


Conversion of Glucose-C™, Gluconate-C'*, and Lactate-C' to CO2 and 
Fatty Acids by Liver Slices 

Liver slices were incubated with 4.5 ml. (Rats 7, 8, and 9) or 5.0 ml. (Rats 10, 11, 
and 12) of the buffer described by Hastings et al. (9) containing 50 uwmoles of the 
radioactive substrate indicated below. The flasks containing isotopic glucose also 
contained 50 uwmoles of non-isotopic lactate. The remaining flasks contained 50 
umoles of non-isotopic glucose. Radiochemical yields are calculated per 500 mg. of 
tissue. For Rats 7, 8, and 9 from 1000 to 1010 mg. of tissue actually were incubated; 
for Rats 10, 11, and 12 from 494 to 510 mg. of tissue. 


[Radiochemical yield from glucose, per cent 
-1-C¥ 6-CM -1-CM -1-C¥ -3-CM 
Rat 
: F CO: | F O: | F CO: | F O: | F Cc : 
(Gi) COs | | (Go. | | (GT | | (Gra | | (Ly | acide | (Le) = 
2 hr. incubation period 
7 | 6.500.27*| 1.99|0.24*| 1.44/0.61* 
8 | 3.24 1.04 1.06 
9 | 6.14 1.48 0.94 
3 hr. incubation period 2 hr. incubation period 
10 {11.2 {1.29 1.74/1.91 | 3.27; O | 0.33) 0.43) 30.3) O | 6.16) 8.52 
11 | 5.86/0.56 2.02\0.44 | 5.24, O | 0.69) 0.13) 32.2) O | 9.02) 2.54 
12 {12.3 |1.17 3.23)2.49 | 4.144 O | 0.38) 0.42) 33.1; O | 9.42 8.10 


* Rats 7, 8, and 9 were pooled for these determinations. 


This finding, together with the observation that carbons 1 and 2 of glucose 
contribute approximately equally to fatty acid carbon, which is compatible 
with assumption (d), suggests that, in so far as fatty acid synthesis pro- 
ceeds from the 2nd carbon atom of glucose, it does so primarily via lactate 
or pyruvate, t.e. via glycolysis. This conclusion is in contrast to the 
inferences drawn from the finding of Sprinson and Weliky (15) that carbon 
1 of ribose contributes in high yield to the methyl carbon of acetyl. As 
had been found in the intact rat (1, 11), carbon 1 of gluconate yields CO: 
abundantly. In the present study, the carboxyl carbon failed to con- 
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tribute to fatty acids, whereas carbon 6, less effective than carbon 1 as a 
precursor of CO:, did contribute significantly to fatty acids. 


TaBLeE III 
Conversion of Gluconate-C™ to CO. in Vitro 
Tissues were incubated for 3 hours at 37.8° with 5 ml. of bicarbonate buffer con- 
taining 50 wmoles each of glucose and gluconate. The location of the isotope in the 
labeled gluconate is indicated below. Radiochemical yields of CO; are calculated 
per 500 mg. of tissue. 


Radiochemical yield of CO2 from 
a gluconate, per cent GTs 
Tissue GT: Q 
-1-C™4 (GT;) -6-C4 (GTs) 
Diaphragm sections................ 0.93 0.11 0.12 
TABLE IV 
Fraction of Glucose, F or F’, Catabolized via Glycolysis 
Rat M = i: Q= H = (Equation 2) (Equation 4) 
4 0.219 4.24 0.13* 0.18 2.42 0.57 0.33 0.33 
5 0.394 4.05 0.13* 0.19 4.37 1.08 0.64 0.51 
6 0.290 3.64 0.13* 0.19 4.23 1.16 0.45 0.51 
10 0.155 | 4.92 | 0.10 0.12 3.56 | 0.72 0.24 0.32 
11 0.344 3.58 0.13 0.10 12.7 3.55 0.54 0.66 
12 0.263 3.52 0.09 0.10 4.08 1.16 0.45 0.32 


* Average value for liver slices from Table III. 


In Table III are presented the results of studies with three tissues with 
gluconate-1-C" and gluconate-6-C" as substrates. Carbon 1 of gluconate 
gave, under our conditions, 5 to 10 times as much CQ, as carbon 6. Kid- 
ney slices metabolized gluconate far more rapidly than did liver slices or 
diaphragm sections. 

In Table IV are collected the calculated ratios necessary for the compu- 
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tation of F and F’ (Equations 2 and 4). These latter quantities are the 
fractions of glucose catabolized glycolytically, in contrast to glucose 
catabolized by non-glycolytic routes. F and F’, though otherwise com- 
parable, are computed by different equations based in part upon different 
assumptions. Despite this fact, fairly good agreement between F and F’ 
will be noted. From this comparison, it is concluded that approximately 
half of the glucose which is catabolized by liver slices under our conditions 
is initially broken down to two 3-carbon acid fragments equivalent to 
lactic acid, presumably via the steps of glycolysis. The remaining half of 
the glucose which is catabolized undergoes a different series of reactions, 
wherein carbon 1 appears in high yield as CO2. This finding is compatible 
with the operation of an active ‘oxidative’ pathway in liver slices. 

It will be noted (Equations 1 and 3) that each of the several ratios 
entering into the equations relates two fates of a single molecular species, 
e.g. glucose, lactate, or gluconate. Differences in rates of assimilation of 
these three substrates will therefore not influence the values of these ratios. 
Possible errors in these equations will arise in so far as carbon atoms 3 and 
4 of glucose go to products other than CO». Thus, if a considerable frac- 
tion of glycolytic intermediates is accumulated in liver slices as glycerol, 
alanine, etc., assumption (a) will not be valid. 


SUMMARY 


Liver slices have been incubated with the following isotopically labeled 
substrates: glucose-1-C', glucose-2-C'™, glucose-6-C™, gluconate-1-C", 
gluconate-6-C™, lactate-1-C™, lactate-2-C™, and lactate-3-C™. CO. and 
fatty acids were studied for their C™ content. 

Two equations were derived to permit estimation, from these data, of 
the fraction of catabolized glucose which was glycolyzed. These equations 
were based in part upon different assumptions. 

The values calculated by these two equations were in good agreement 
and revealed that approximately half of the glucose catabolized by liver 
slices was glycolyzed and that the remainder was degraded by reactions 
suggestive of the operation of the “‘oxidative” route. 
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HOMOGENTISIC ACID OXIDASE* 
Il. PROPERTIES OF THE CRUDE ENZYME IN RAT LIVER 


By DANA I. CRANDALL 


(From the Department of Biological Chemistry, College of Medicine, 
University of Cincinnati, Cincinnati, Ohio) 


(Received for publication, August 2, 1954) 


The first enzymatic study of homogentisic acid oxidation was reported 
by Suda and Takeda in 1950 (3). These authors extracted a water-soluble 
enzyme system from ground rabbit liver which was shown to oxidize homo- 
gentisic acid to a mixture of fumaric and acetoacetic acids. The enzyme 
system was partially purified and a very brief description of its properties 
given, including the striking observations that ferrous ions were required 
to activate the enzyme after ammonium sulfate precipitation, that other 
metallic ions were ineffective, and that the enzyme was strongly inhibited 
by a,a-dipyridyl. Almost simultaneously Ravdin and Crandall (4) 
reported their demonstration that homogentisic acid is oxidized to 4- 
fumarylacetoacetic acid by an enzyme precipitated with ethanol from the 
soluble phase of homogenized rat liver and that 4-fumarylacetoacetic acid 
was hydrolyzed to fumaric and acetoacetic acids by another soluble rat 
liver enzyme. Recently Knox and Edwards (5) have fractionated this 
ethanol-precipitated enzyme into an oxidase which converts homogentisic 
into 4-maleylacetoacetic acid and a cis-trans-isomerase which transforms 
the latter into fumarylacetoacetic acid and which requires reduced gluta- 
thione as a specific coenzyme. It appears likely that maleylacetoacetic 
acid is the immediate oxidation product formed by homogentisic acid 
oxidase. 

The properties of the enzyme, as outlined by Suda and Takeda (3), 
have been confirmed in part by Schepartz (6), who was also able to demon- 
strate specific activation of the system by ferrous ions in extracts of liver 
acetone powders and who demonstrated the inhibitory action of a variety 
of metal-binding and carbonyl] reagents in addition to quinones and hydro- 
quinones. In his experiments, ascorbate was shown to enhance the acti- 
vating effect of ferrous ions. Similar confirmation of the ferrous ion 
activation of homogentisic acid oxidase was claimed by Crandall in a 
preliminary report (1). This paper contains a complete presentation of 


* This investigation was supported in part by a research grant (No. G-3193-C2) 
from the National Institutes of Health, United States Public Health Service. Pre- 
liminary reports of this work have been presented (1, 2). 
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studies in which an attempt has been made to interrelate several factors 
which markedly affect the activity of the enzyme, namely, pH, Fe*+, and 
appropriate reducing agents (ascorbate and reduced glutathione). 


EXPERIMENTAL 


Preparation of Enzymes—All preparative procedures were carried out in 
a cold room at 0°. The crude enzyme was prepared by centrifuging 
homogenized rat liver at 100,000 X g and discarding the precipitate as 
described previously (7) and will be designated preparation L. An etha- 
nol-precipitated fraction was prepared as described previously (7) and will 
be designated LA. Ammonium sulfate precipitations were carried out by 
adjusting the pH of the solution (L or LA) to 7.5 and adding 0.43 volume 
of saturated (NH,)2SO, adjusted to pH 7.5. After standing for 2 hours, 
the precipitate was centrifuged and discarded. Then 1.75 volumes of the 
saturated (NH,4)2SO, per volume of the supernatant solution were added, 
and the mixture was allowed to stand overnight. The precipitate was 
tightly packed by high speed centrifugation, drained, and resuspended in 
a phosphate-saline buffer at pH 7.0 (K2HPQ,, 0.067 m; KH2PO,, 0.0083 ; 
NaCl, 0.127 m). The resulting enzyme which precipitated between 75 
and 30 per cent saturation with (NH4)2SO, will be designated LN 75_30. 
Although total recoveries of activity in the absence of added Fe+ as 
high as 90 and 80 per cent, respectively, were obtained by ethanol and 
(NH,4)2SO, precipitation, only approximately 2-fold purification resulted 
from either step. A combination of ethanol precipitation followed by 
(NH,)2SO, precipitation to give LAN 75_30 resulted in only 4-fold purification 
as estimated by comparing activities per ml. with absorption at 280 mu. 
This preparation was also highly dependent on supplementation with Fe+* 
and ascorbate for maximal activity. Reversing the order of precipitation 
to obtain LN7s5_3A resulted in an almost complete loss of activity on the 
second precipitation step. All enzyme solutions were stored at pH 7.0. 
Solutions L and LA were stable at 0° for 7 to 10 days, whereas LN 75_2 
and LAN 7530 deteriorated much more rapidly and dialyzed L preparations 
were extremely unstable. Considerable losses of activity resulted from 
freezing and thawing the enzyme solutions, which were therefore not 
stored in the frozen state. 

Activity Measurements—The activity was determined manometrically in 
an atmosphere of oxygen at 38°, as previously described (7), and was 
expressed in microliters of oxygen per minute calculated from the first 10 
minutes of incubation. In each type of experiment reported here it was 
determined that the oxygen uptake specifically represented the enzymatic 
oxidation of homogentisic acid to 6-keto acids and not its autoxidation to 
the corresponding quinone or oxidation of accessory substances present in 
the medium. This was shown by comparing the total oxygen uptake 
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with the amount of acetoacetate formed in preparation L or of 3,5-dike- 
tonic acids formed in preparations LA and LN in which fumaryl- and 
possibly maleylacetoacetate accumulate. Acetoacetate was determined 
manometrically (8). 3,5-Diketonic acids were determined colorimetrically 
with o-phenylenediamine by a method previously described for the deter- 
mination of fumarylacetoacetate (4). This reagent, however, has been 
found to give identical colors with both fumaryl- and maleylacetoacetate,} 
and therefore values obtained by this procedure represent an indeter- 
minate mixture of the two isomers. Certain difficulties were encountered 
when these methods were used. Reduced glutathione (GSH) interferes 
with the colorimetric determination of the above diketonic acids by chang- 
ing the color from lavender to red. This necessitated restricting studies 
of the effect of GSH on enzymatic activity to L preparations in which 
acetoacetate is formed or to LA, LN, or LAN preparations in which the 
diketonic acid formed was completely hydrolyzed to acetoacetate by 
subsequent incubation with a preparation of the hydrolytic enzyme which 
had been freed of homogentisic acid oxidase activity (4). A combination 
of Fe++ and ascorbate in the absence of GSH was found to interfere with 
the hydrolysis (or isomerization) of diketonic acids in L preparations. 
This difficulty was met by repeating crucial experiments involving Fet++ 
and ascorbate with LA or LN preparations. 

None of these enzyme preparations had any endogenous respiration. 
The very small oxygen uptake due to the presence of Fet*, ascorbate, or 
GSH in various combinations was determined by running controls without 
substrate. 

Phosphate buffer (0.05 mM) at pH 7.0 was used in all incubations unless 
otherwise indicated; maleate buffer was sometimes substituted without a 
significant change in the activity. The pH of the enzymes was adjusted 
by determining the titration curve of a portion of enzyme with a glass 
electrode and then adding the calculated amount of either 0.2 n NaOH or 
0.2 m acetic acid to fresh portions of the enzyme in the cold. In the deter- 
mination of pH optima the activity was computed from the oxygen uptake 
during the first 4 minutes of incubation instead of the usual 10 in order to 
minimize the drop in pH which accompanies homogentisic acid oxidation. 

Unless otherwise indicated, inhibitors and activators were added to the 
enzyme in the main compartment of the Warburg vessel before the 5 
minute equilibration period in oxygen at 38°. 


Results 


Effect of Oxygen Tension—A direct relationship between oxygen tension 
and enzymatic activity is indicated by a 3- to 43-fold increase in activity 


1 Personal communication from Dr. W. E. Knox. 
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- when the effect of a gas phase of 100 per cent oxygen is compared with one ob 
of air (Fig. 1). It is also evident that better proportionality between the ret 


apparent activity (rate of oxygen uptake) and the amount of enzyme is 
present is found when 100 per cent oxygen is used. Above rates of 33 ul. to 
of oxygen per minute this relationship was no longer linear under the ast 
conditions routinely used. tic 


The enzyme was also susceptible to inactivation by oxygen, as found in 
experiments in which it was incubated in the absence of substrate in the 
Warburg vessel for 20 minutes before activity measurements were made. 


plLOo/min. 


0.2 0.4 (0.6 
mi. Enzyme 


Fig. 1. Effect of oxygen tension on homogentisic acid oxidase activity. The 
values for the abscissa are the ml. of enzyme (preparation L) added to the manometer 
vessels. The total volume of fluid was 2.0 ml. 


When this preincubation was carried out in oxygen, an average loss of 64 m 
per cent of the activity was observed as compared with a 43 per cent loss el 
in nitrogen. That part of the loss which could be attributed to the pres- w 
ence of oxygen was not reversed by supplementation with Fet+ + ascor- 
bate + GSH. P 
Effect of pH on Activity—Suda and Takeda reported the pH optimum of 6 
their rabbit liver preparation of homogentisic acid oxidase to be 7.0 to 2 
7.2 (3). The pH-activity curve of our preparation L in phosphate buffer 
at 38° is shown in Fig. 2. The optimal pH appears to be approximately ti 
6.9. With preparation LA buffered with either phosphate or maleate, the u 
curves were essentially the same and the optimum appeared to be in the , 


vicinity of pH 7.0. As shown in Table I (Experiment 1), the inhibition . 
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obtained by raising the pH above the optimum is readily Pertti 
returning the pH to 7.0. On the acid side of the pH optimum, octivites r 


is almost completely lost at pH 6.0 and is not increased by raising the | 
to 7.0 (Table I, Experiment 2). However, if a combination of Fe# a 885 
ascorbate is present during the equilibration of the Warburg vessel, inhibi-_. 
tion at pH 6.0 is almost completely reversed? and partially reversed at 


1l00- 


Oo 


Relative Activity 
re) 


oO 


Reversed 
by Ht 


Oo 


a5 60 65 # £70 75 80 


Fig. 2. pH-activity curve of preparation L in phosphate buffer equilibrated with 
oxygen at 38°. The results are taken from several experiments, and for each experi- 
ment the activity at pH 7.0 has been assigned a value of 100. @, incubations of 
enzyme and substrate alone. O, incubations in which the system was supplemented 
with Fe*+* at 10-3 mM and ascorbate at 6 X 1073 M. 


5.5 (Fig. 2). Ascorbate alone does not activate the enzyme at pH 
6.0 and Fet+* alone is much less effective than Fe*++ + ascorbate (Experi- 
ment 3). 


2 This has been shown to represent a true reversal of inhibition at pH 6.0 by addi- 
tional experiments in which the enzyme was completely inhibited prior to the addi- 
tion of Fe++ and ascorbate by standing at pH 6.0 for 30 minutes at room tempera- 
ture. Neutralizing with NaOH failed to restore activity. Addition of Fett and 
ascorbate restored activity to another portion of this enzyme which had not been 
neutralized. 
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On the alkaline side of the pH optimum, ascorbate, but not Fett, stimu- 
lates the oxygen uptake of the enzyme-substrate system. At a pH of 7.7, 
however, this increase in the rate of oxygen uptake is largely unaccounted 


for by acetoacetate or diketone production and represents ascorbate 


oxidation coupled with the autoxidation of homogentisic acid to the qui- 
none. At pH 8.0 this type of coupled ascorbate oxidation becomes more 
pronounced. 

Specificity of Fet+ Activation—Suda and Takeda state that Fe*** and 
‘other reduced metallic ions cannot serve as substitutes for ferrous ion” in 


TaBLE | 
Reversal of Inhibition of Preparation L at pH Values Above and Below pH 7.0 
oH duri Supplements 
ing 
Experiment No. incubation with 
6 X 103m 
1 7.0 7.0 19.7 
7.7 7.7 12.1 
7.7 7.0 21.4 
8.0 8.0 9.5 
8.0 7.0 19.4 
2 6.0 6.0 _ 2.3 
6.0 7.0 2.5 
7.0 7.0 21.0 
3 6.0 6.0 0 
6.0 6.0 _ + 1.0 
6.0 6.0 + _ 5.7 
6.0 6.0 + + 14.3 
7.0 7.0 19.5 


the activation of homogentisic acid oxidation (3). Schepartz reports that 
Cut+, Fet+, Zn*+*, Cot*+, Mgt, and Mn* are ineffective (6). We have 
found these ions and Al*** to be ineffective in activating preparations L 
and LA which are incubated at pH 6.0. Owing to the marked increase in 
the activating effect of Fet+*+ produced by ascorbate, these ions (with the 
exception of Fet**) were also tested in the presence of an excess of ascor- 
bate and again found to be ineffective. It was also noted that Cu++, Cot, 
and Mn? partially inhibit intact enzyme preparations. 

Effect of Fe++ and Ascorbate Concentration—The effect of reducing the 
Fet++ concentration in the presence of 6 X 10-* m ascorbate at pH 7.0 was 
studied with an LA preparation which developed an Fet+ requirement at 
pH 7.0 upon freezing and thawing. Maleate buffer was used, and the 
concentration of added Fet+* was varied between 10-* and 10-* m. From 
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the results presented in Fig. 3, it may be seen that the effect of added Fet* 
was borderline at 10-* m and that an appreciable increase in activity was 
obtained with ascorbate alone at pH 7.0. Much larger increases in activity 
have been frequently obtained with ascorbate alone at pH 7.0 (see Table 
II). Similar results on the effect of graded additions of Fet* on the ac- 
tivity of the enzyme have been obtained with both maleate- and phos- 
phate-buffered LN preparations having an Fett requirement at pH 7.0 
and with an L preparation at pH 6.0. 


20- 
15- 
£ 
£ 
5- 6xl07> Ascorbate 
"No Ascorbate 


10-5 1074 1073 
Conc. of added 


Fig. 3. Effect of the concentration of added ferrous ions on the activity of homo- 
gentisic acid oxidase in the presence of 6 X 10-3 M ascorbate. The enzyme (prepara- 
tion LA) had been frozen and thawed and was incubated at pH 7.0 in maleate buffer. 


The effect of varying the concentration of ascorbate in the presence of 
10-* m Fet++ at pH 7.0 was studied with an Fet++-activated LN preparation, 
and the results indicated that 6 X 10-* m ascorbate is required to maintain 
full Fe++ activation throughout the total incubation. At 6 X 10-4 m the 
activity declined rapidly during the initial phase of the incubation, and at 
6 X 10-> mM no activation occurred. Dehydroascorbate was also found to 
accentuate the effect of ferrous ion, but much less effectively than ascor- 
bate, owing presumably to its partial reduction to ascorbate in these crude 
enzyme preparations. 

Effect of Reduced Glutathione Compared with Ascorbate—In an attempt to 
find reducing agents other than ascorbate which would similarly enhance 
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the effect of Fe**+ on enzymatic activity, GSH (but not oxidized gluta- 
thione (GSSG)) was found to be effective. The effect of GSH, ascorbate, 
and Fe*+ in various combinations on the activity of several enzyme prep- 
arations is shown in Table II. The results obtained with the LAN prep- 
aration indicate that Fe++ alone was ineffective, that GSH alone activated 
the enzyme somewhat, but that GSH + Fet*+ was appreciably more effec- 
tive. Much greater activation was obtained with either ascorbate alone 
or in combination with Fe*++. In the dialyzed and aged L preparations 
GSH alone was ineffective, but consistently increased the activity obtained 
in the presence of ascorbate + Fet*’, indicating that in addition to en- 


Taste IT 
Effect of GSH, Fe**+, and Ascorbate on Homogentisic Acid Oxidation at pH 7.0 
Activity expressed in microliters of O2 per minute. 


Supplements | Preparation 


Fett, | bate, GSH 

e**+, | bate | ——} | | 

10"? 10"? Experi- Experi- Experi- Experi- Experi- Experi- Experi- 
| ment 1 ment 2 ment3 ment | ment 1 ment2 ment 


—-| — | 61] 4.8] 2.4/0 0 | 2.3] 3.2 
38] 6.1] 2.6 | 18! 5.7 9.1 
| — | + | 6.9] 16.9 | 12.3] 8.4|0.721.0 | .19 | 27 

+ | — | + | 9.9] 16.0 | 15.0 | 12.0 
— | + | — | 14.5] 19.3 | ia 19 

+ | + | — 17.2] 23.3 | | 6.320.8 32 20 (19.2 17.6 
+ + i+ | 12.327.2 40 30. 19.9 
+ | + | | 


* Dialyzed; aged. 
t Dialyzed; fresh. 
t Aged. 


hancing the effect of Fet*+ (although less effectively than ascorbate) GSH 
performs an additional function in activating the enzyme which cannot be 
performed by ascorbate. This additional increase in activity obtained by 
adding GSH to preparations which have been supplemented with ferrous 
ascorbate has been found in control experiments (not shown) not to occur 
when additional ascorbate is substituted for GSH. At pH 6.0 the activity 
of L preparations supplemented with ferrous ascorbate was not appre- 
ciably affected by the addition of GSH (Table II). Also, GSH alone, like 
ascorbate, did not increase the activity at pH 6.0 and, in contrast to ascor- 
bate, did not appreciably enhance the effect of added ferrous ions on the 
activity. 

3’ Conversely, ascorbate consistently increased the activity obtained in the pres- 
ence of Fett + GSH. 
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Effect of Metal-Binding Compounds on Activity—The strongly inhibitory 
effect of bipyvridyl on the activity of intact enzyme preparations, first re- 
ported by Suda and Takeda (3), has been confirmed by Schepartz (6), who 
has also demonstrated inhibition by KCN, Versene, oxine, o-phenanthro- 
line, and diethyl dithiocarbamate. Our results with metal-binding in- 
hibitors, summarized in Table III, show that some inhibition was found 


Tas.e III 
Inhibition of Homogentisic Acid Oxidation by Metal-Binding Inhibitors 


Preparation Inhibitor Concentration Per cent inhibition 
M 
LA KCN* 10 4 | 55-75T 
104 0 
LA 10°? | 33 
Bipyridy] | 86 
104 60 
oe Cysteine 10-2 | 50 
| 16 
Diethyl dithiocarbamate 6 1074 51 
] > 4 10°23 0 
Azide 2.5 10°? 0 
LA 2.5 X 10°? 35-60T 


* It was necessary to put the KCN in a stoppered side arm to minimize losses due 
to volatility while the vessels were flushed with oxygen. The KCN was mixed with 
the enzyme when the vessels were placed in the bath and therefore was in contact 
with it during the equilibration interval. 

t Inhibition increased progressively during incubation. 

t The enzyme was pretreated with H.S by adding the required amount of a satu- 
rated solution of H.S to the enzyme and allowing the mixture to stand tightly stop- 
pered for 25 minutes at 25°. Under these conditions H.S was apparently destroyed 
and caused no oxygen uptake in the control flasks. 


with all of the inhibitors tested. A small degree of inhibition by sodium 
azide was found only after ethanol precipitation of the enzyme (2- to 3-fold 
purification), which also increased its sensitivity to cyanide and bipyridyl. 
The small but significant inhibition caused by cysteine is thought to be due 
to its ability to form iron chelates (9). Glutathione, however, was not 
inhibitory (Table II). 

Effect of Dialysis—Dialyses were carried out at 1° in a rocking dialysis 
bath with an air bubble in the cellophane bag. Losses of activity of fresh 
lL. preparations accompanying dialysis against 600 volumes of 0.9 per cent 
NaCl with or without 0.075 m phosphate buffer (pH 7.0) ranged from 20 
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to 40 per cent and were found not to be due to dialysis per se, since in 
control experiments in which the cellophane bag was replaced with a 
tightly stoppered test-tube almost identical losses resulted. Furthermore 
these losses were not reversed by the addition of concentrated dialysate or 
boiled juice to the dialyzed enzyme. The losses in both the dialyzed prep- 
aration and the sealed tube control were only partially reversed by a com- 
bination of Fe** + GSH + ascorbate. Similar irreversible losses were 
observed when the enzyme was treated with HO, or incubated at 38° in 
oxygen. Suda and Takeda’s observation (3) that the dialyzed enzyme 
prepared by ammonium sulfate precipitation was reactivated only by a 
combination of Fe++ and boiled juice was not confirmed. With our similar 
preparation a combination of Fet* and boiled juice was less than half as 
effective as Fe++ + ascorbate in reactivating the enzyme, and, in fact, 
boiled juice impaired the effect of the latter. 

Inhibition by Sulfhydryl Reagents—The results are shown in Table LV. 
Although relatively insensitive to maleate and iodoacetate, the enzyme is 
strongly inhibited by HgCl. and iodosobenzoate (IOBA) and to a some- 
what lesser extent by p-chloromercuribenzoate (PCMB). It may be seen 
(Experiment 2) that the enzyme is almost completely inhibited by 10-* m 
PCMB and that no reactivation is obtained with either Fe+*+ or GSH. In 
the presence of a combination of Fet* and GSH, however, the activity is 
completely restored, and therefore Fe** is required in addition to GSH for 
the reversal of inhibition by PCMB. In Experiment 3, GSSG in the pres- 
ence of Fe*+*+ and a 4-fold excess of ascorbate is shown to be completely 
ineffective in reversing inhibition by PCMB, in contrast to a combination 
of GSH + Fe*+ which resulted in a 70 per cent reversal of inhibition, indi- 
cating that when incubated with L preparations of the enzyme ascorbate 
does not reduce the disulfide linkage of glutathione appreciably.‘ 

The almost complete inhibition obtained with 10-* m IOBA (Table IV, 
Experiment 4) was partially reversed by a combination of Fe++ + GSH 
+ ascorbate. The data show that there is very little indication that Fet+ 
plays a role in reversing this inhibition, but that the incomplete reversal 
obtained is largely due to the additive effects of ascorbate and GSH. 

Specificity—The enzyme was incubated with each of the following acids 
which are structurally related to homogentisic acid (HGA): phenylacetic 
(PA), o-hydroxyphenylacetic (0-OHPA),® p-hydroxyphenylacetie (p- 

4The complete failure of GSSG and excess ascorbate to replace GSH was also 
observed in an experiment not involving the use of PCMB, in which the addition of 
GSH doubled the activity of a dialyzed, aged L preparation supplemented with Fe** 
and ascorbate. A mixture of GSH and GSSG corresponding to 20 per cent reduction 
of the GSSG used in Experiment 3 (Table IV) resulted in a small but appreciable 


increase in activity after inhibition by PCMB. 
5 We are indebted to Dr. Edwin FE. Dunn of The Dow Chemical Company for a 


gift of o-hydroxyphenylacetic acid. 
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TABLE IV 
Reversal of Inhibition of Homogentisic Acid Oxidase by Sulfhydryl Inhibitors 
| 
| 
1 LA None | 19.0 
Iodoacetate, 1 K 10°27 M ~ 13.9 
PCMB, 1 X 9.2 
IOBA, 1 X 10-4 M | 0.8 
HgCle, 1 10-* 0.8 
2 L None -- 18.0 
+ + 19.0 
+ {| + 18.0 
3 “ None en - | 17.8 
PCMB, 1 X 10°? M 0.4 
| 1% +} + | 12.4 
102M 
| 1 xX + 2x GSSGT 1.9 
| 10 2m (5X 107m) 
4 | None 22.5 
| | + 5.2 
£24237" + 6.4 
| « {ji + + 8.6 
| “ 1X 1073“ + + + 10.9 
| + + 9.6 


* In order to obtain inhibition which could not be apparently reversed by GSH, 
it was necessary for the enzyme to stand for 7 minutes at room temperature after 
addition of PCMB and before addition of GSH. The same time sequence was fol- 
lowed in the experiments on the reversal of inhibition by IOBA. 

t Prepared by adjusting a solution of GSH to pH 7.6 and exposing it to oxygen 
until the nitroprusside test was negative. 


OHPA), gentisic (GA), and benzoquinone acetic (QAA). As seen in Table 
V, none of these compounds were oxidized, indicating that the enzyme is 
highly specific for the oxidation of HGA. The relative affinity of each of 
these compounds for the enzyme was tested by determining their effect 
individually on the rate of oxidation of an equimolar concentration of 
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TABLE V 
Specificity of Homogentisic Acid Oxidase h 
1 L | HGA 1x 10? 
| GA 1 x 10? 0 | st 
+ GA | 1X 10° 30 425 
2 | 8.5 107% 24.1 | 356 (¢ 
HGA + GA 85x 104 | 23.4 | 296 = 
p-OHPA & 1073 | us 
+ HGA 85x 104 25.4 | 349 
PA 8.5 104 0) | 
HGA + PA 26.6 365 
3 8.5 & 10 4 21.4 324 
o-OHPA 103 0 
+ HGA 85x 103 19.6 | 298 
4 HGA 8.5K 10% 17.7 355 
0-OHPA 10% 0 | 
| 85 xX 10° 16.3 | 32% | 
5 HGA | 8.5 10° 29.7 | 376 
PA 85 103 0 
+ HGA 10° 31.4 
6 LAt | HGA | 1X 10° 45.0 
QAA | 0 
HGA + QAA 1x 102 4.0 
7 | 5X 10° 31.0 
| QAA 10°3 0 
+ QAA 5 xX 10°3 3.0 
8 1 10°? 19.6 279 
“ 4 QAA 1x 10%, 2.5 X 10°3 12 | 2@ 
10%,5 xX 105 | & 
| | 1X 10-3, 1 x 9.6 118 
9 | 1x 10? 15.4 241 
| 4 QAA 1x 10°2,2 xX 103 2.3 37 tio 
1 xX 10°7,5 104 ‘4. @ 
1x 107,5 10°5 10.1 124 
* HGA, homogentisic acid; GA, gentisie acid; p-OHPA, p-hydroxyphenylacetic 
acid; o-OHPA, o-hydroxyphenylacetic acid; PA, phenylacetic acid; QAA, benzo- col 
quinone acetic acid. acl 
t Maleate buffer. por 
ger 
HGA. With the exception of QAA which was highly inhibitory, none of sou 
the compounds inhibited the initial rate of oxygen uptake significantly. hig 
In some instances, however, the total oxygen uptake was appreciably | — the 
lowered, suggesting that, although relative to homogentisic acid the affinity of | 
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of the compound for the enzyme is small, it may become appreciably in- 
hibitory toward the end of the oxidation when the concentration of HGA 
has been greatly reduced. It is surprising that o-OHPA or GA did not 
inhibit the oxidation of HGA appreciably in view of their very close struc- 
tural relationship with it. The enzyme therefore appears to be highly 
specific for the oxidation of homogentisic acid and to have low affinity for 
structurally related phenolic acids. 

The inhibitory action of QAA has been previously noted by Schepartz 
(6) and is seen in Table V (Experiments 8 and 9) to be appreciable at an 
extremely low concentration (equivalent to 1/200 of the initial level of HGA 
used). The failure of QAA to be oxidized and its inhibitory effect on 


TaBLeE VI 
Incubation of Uric Acid and Benzoquinone Acetic Acid with Maleate Extracts 
of Rat Liver Acetone Powder, pH 7.0 


| 


Substrate ul. Oc per min. | Total O2 | 
pl. pl. 
l None 1.5 42 0 
HIGA, 380 ul. 19.2 419 314 
QAA, 365 “ | 3.4 124 7 
‘+ urie acid | 11.5 340 0 
Urie acid, 240 ul. | 14.1 272 0 
2 None | 0.2 | 83 0 
Urie acid, 400 gl. | 16.9 | 508 0 
HGA, 380 ul. 19.0 476 134 
‘+ urie acid | 22.2 695 65 
Acetoacetie acid, 179 ul. 1.5 | 89 181 
1 | 460 177 


+ urie acid 19. 


HGA oxidation are not considered to be conclusive evidence that it is not 
an intermediate in this oxidation in view of the possibility shown in Equa- 
tions 1 and 2 and of the additional possibility that infinitesimally small 


Homogentisic acid + O. — benzoquinone acetic acid + HO» (1) 
H.O2 + benzoquinone acetic acid — 4-maleylacetoacetie acid (2) 


concentrations of QAA might not inhibit the oxidation of homogentisic 
acid. Accordingly, QAA was incubated with an extract of an acetone 
powder of rat liver described by Schepartz (6), which possessed both homo- 
gentisic acid oxidase and uricase activity, to which uric acid was added as 
source of enzymatically generated hydrogen peroxide. The presence of a 
high level of catalase activity in these extracts is thought not to impair 
the validity of the experiment, since it does not prevent the rapid oxidation 
of homogentisic acid to acetoacetate and since peroxidatic reactions simi- 
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lar to that described in Equation 2 have been shown to occur efficiently 
in the presence of catalase and enzymatically generated HO: (10, 11). 
The results are presented in Table VI, Experiment 1. The small in- 
crease in oxygen uptake in the presence of QAA represented non-specific 
oxidation, as indicated by the almost complete absence of acetoacetate 
formation and pronounced discoloration of the suspension. That enzy- 
matically generated HO, failed to convert QAA into acetoacetate (via 
maleyl- and fumarylacetoacetate) may be concluded, since uric acid oxida- 
tion was only slightly inhibited by the presence of QAA from which no 
acetoacetate was formed. It was noted, however, that relatively little 
discoloration of QAA occurred in the vessel containing uric acid. The pos- 
sibility still remains, however, that the concentration of QAA used (0.0054 
M) inhibited its enzymatic hydroxylation by HO: and that the reaction 
might have occurred if it had been possible to infuse slowly QAA into the 
medium during the period of uric acid oxidation. Experiment 2, which 
was run later as a control, demonstrates that the process of uric oxidation 
does not decompose acetoacetate or interfere sufficiently with the oxidation 
of homogentisic acid to acetoacetate to account for the negative results 
obtained with QAA in Experiment 1. The low recoveries of acetoacetate 
in Experiment 2 reflect diketonic acid accumulation, as indicated by con- 
tinued slow evolution of CO, after 12 minutes of incubation with aniline 
citrate. (Acetoacetate is completely decarboxylated in 12 minutes at 38°.) 


DISCUSSION 


Activation by ferrous ions is also a property shown by other aromatic 
ring-splitting oxidases, namely, pyrocatecase® (12) and 3-hydroxyanthra- 
nilic acid oxidase (13, 14). A comparison of the oxidative action and fer- 
rous ion activation of homogentisic acid oxidase and these enzymes has 
been presented elsewhere (2). 

The properties of homogentisic acid oxidase indicate either that it is an 
iron-protein as originally proposed by Suda and Takeda (3) or that losses 
of activity which can be reversed with ferrous ascorbate and GSH are due 
not to a loss of iron from the enzyme but to some other chemical change, 
presumably an oxidation, which can be reversed by ferrous ion in com- 
bination with suitable reducing agents. These properties recall the ac- 
tivation of crude preparations of papain and cathepsin by ferrous ascorbate 
(15, 16), for which there is evidence that the latter reduces certain con- 
taminating S——S proteins present in the crude enzyme, which in turn re- 
duce —SH groups on the enzyme (17). 

The inhibition of homogentisic acid oxidase by specific sulfhydryl re- 
agents indicates that it contains essential —SH groups, and the possibility 
exists that its reactivation in crude preparations by ferrous ascorbate is 


6 Sistrom, W. R., and Stanier, R. Y., unpublished data. 
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simply a matter of reducing S—S groups as in the case of crude prepara- 
tions of papain and cathepsin. However, the inhibition of the intact 
enzyme (with no Fet* requirement) by cyanide and other metal-binding 
reagents is not characteristic of a purely —SH enzyme, but rather of a 
metalloenzyme. Cyanide, cysteine, and H,.S, in particular, activate rather 
than inhibit —SH enzymes. Also, the activating effects of GSH and fer- 
rous ascorbate appear to be complementary rather than identical, as shown 
here, which would not be expected in the case of a purely —SH enzyme, 
in which both of these agents were similarly involved in the protection 
of —SH groups. 

Although a direct demonstration that this oxidase is an iron-protein is 
yet to be obtained, it appears as a likely possibility that the properties of 
the crude enzyme reflect the nature of a new type of iron-protein bond. 
However, Suzuki ef al. (18) claim in a preliminary report to have a com- 
pletely resolved preparation of homogentisic acid oxidase which is reac- 
tivated maximally by a combination of vitamin By, folic acid, adenylic 
acid, ascorbic acid, glutathione, and diphosphopyridine nucleotide and 
which does not respond to ferrous ions. On the other hand Knox has 
observed ferrous ion activation after 50-fold purification.!. It appears 
quite unlikely that the enzyme is an iron-porphyrin protein in view of the 
mild conditions (exposure to pH 6.0 or to PCMB at pH 7.0) which result 
in an apparent loss of iron. If the loss of activity under these conditions 
is due to a liberation of ferrous iron from the enzyme, the iron presumably 
becomes unavailable for recombination with the enzyme when the pH is 
raised from 6.0 to 7.0 or when PCMB is removed with GSH owing to oxi- 
dation or combination with interfering materials in these crude enzyme 
preparations. The postulated iron-protein bond, however, is not broken 
by dialysis above pH 7.0. 

The reactivation of the enzyme after inhibition by PCMB is of particu- 
lar interest in connection with these speculations. Since both Fet++ and 
GSH are required for reactivation, a possible explanation is that the iron 
is linked to the enzyme through its sulfhydryl groups, as proposed by IXnox 
(19). The development of a complete iron requirement after treatment 
with PCMB suggests that iron is displaced from the group which is af- 
fected by PCMB (presumably SH) and that a simple hypothesis for the 
inhibition by PCMB and its reactivation by a combination of GSH and 
Fe++ may be formulated as follows. 


Enzyme-S --- Fe + Cl-Hg-benzoate — enzyme-S-Hg-benzoate + Fe*t*+ + Cl- (3) 
Enzyme-S-Hg-benzoate + GSH = enzyme-SH + GS-Hg-benzoate (4) 
Knzyme-SH + Fett = enzyme-S --- Fe + Ht (5) 


The losses of activity which occur on the acid side of the pH optimum are 


| 
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consistent with Equation 5. Evidence that ferrous iron may be linked to 
SH groups in ferritin has been reported by Mazur ef al. (20), who have 
observed a correlation between the Fe+*+ and SH content of ferritin and 
reduction of the Fe+* content by treatment with PCMB or iodoacetamide. 

In terms of the above hypothesis, which states that reactivation of homo- 
gentisic acid oxidase by ferrous ion requires intact enzymatic SH groups, 
the additional activity conferred by GSH on preparations which have 
been supplemented with ferrous and ascorbate ions and which are not 
activated by GSH alone may be attributed to the reduction of enzymatic 
S—S groups by GSH, but not by ascorbate (as suggested by Experiment 
3, Table IV, in which ascorbate failed to reduce GSSG when both com- 
pounds were incubated with the enzyme system‘). The activating effect 
of ascorbate is, in turn, attributed entirely to its ability to protect inorganic 
Fe+ against autoxidation, as previously proposed by Suda ef al. (21), and 
in this capacity it appears to be far more effective than GSH. The failure 
of GSH to increase the activity at pH 6.0 of preparations which have been 
supplemented with ferrous and ascorbate ions may be attributed to the 
greater stability of SH groups at this pH than at 7.0. 

The variable reactivation at pH 7.0 obtained with either GSH or ascor- 
bate in the absence of added ferrous ions cannot be evaluated as evidence 
for or against this hypothesis until the available levels of Fet* and Fet+* 
in such preparations have been determined and correlated with the extent 
of activation. Ferritin, a probable contaminant of these enzyme prepara- 
tions, has been reported by Takeda et al. (22) to activate homogentisic 
acid oxidase in the presence of ascorbate which presumably reduces and 
labilizes the bound Fe**+ of ferritin. At pH 7.4 the resulting Fe*+* can be 
transferred to a,a-dipyridy] or the iron-binding globulin of plasma accord- 
ing to Mazur et al. (20). The failure of Fe*+ to contribute appreciably to 
the incomplete reversal of inhibition by iodosobenzoate (which oxidizes fer- 
rous ions’ in addition to oxidizing SH to SS) appears to be inconsistent 
with the hypothesis that Fe**+ is combined with enzymatic sulfide groups, 
although it is conceivable that TOBA oxidizes this postulated group with- 
out displacing iron. 

It appears unlikely that ascorbate and GSH are specific cofactors for 
homogentisic acid oxidase. IXnox has observed that GSH may be replaced 
by thiols other than cysteine.! Suda ct al. (21) have reported that the 
homogentisic acid oxidase activity of guinea pig liver is drastically reduced 
in scorbutic animals and restored to normal by the addition of ascorbic 
acid in vitro. Wowever, in experiments conducted in this laboratory, L 
preparations obtained from the livers of scorbutic guinea pigs were found 
to be at least as active as those from pair-fed controls, although somewhat 
less stable to storage at 0° and in the frozen state.’ 


7 Unpublished data. 
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The specificity of the enzyme for homogentisic acid oxidation and its 
relatively low affinity for other closely related phenolic acids (gentisie and 
o-hydroxyphenylacetic acids) may be essential to its specific funetion in 
tyrosine catabolism of oxidatively opening the ring of homogentisic, but 
not of 2,5-dihydroxyphenylpyruvic, acid. A similar sharp specificity is 
shown by protocatechuic acid oxidase (23). 

Although highly inhibitory to homogentisic acid oxidation, as reported 
hy Schepartz (6) and in this paper, benzoquinone acetic acid remains a 
possible intermediate in homogentisic acid oxidation. The inability of the 
enzyme to oxidize o-hydroxyphenylacetic acid shows that the hydroxy] 
group on position 5 of homogentisic acid is essential for its oxidation, which 
would be the case if the quinone is an intermediate. The failure of the 
quinone to bring about oxygen consumption in the presence of homogentisic 
acid oxidase, however, does not appear to be due to a requirement for 
enzymatically generated H.,O. which could arise stoichiometrically by the 
oxidation of homogentisic acid to its quinone. It is of interest that indi- 
rect evidence for the intermediate formation of the quinone imine in the 
oxidation of 3-hydroxyanthranilic to quinolinic acid has been reported by 
Miyake, Bokman, and Schweigert (13). 


SUMMARY 


1. The optimal pH of homogentisic acid oxidase is approximately 7.0. 
Alkaline but not acid inhibition of the enzyme can be reversed by read- 
justing the pH to 7.0. The enzyme is completely inhibited at pH 6.0, 
and this inhibition can be reversed by a combination of ferrous and ascor- 
bate ions. Other metallic ions are ineffective. Appreciable activation 
is obtained in the presence of ascorbate with a concentration of ferrous ion 
as low as 10~-° M. 

2. The intact enzyme is inhibited by a variety of metal-binding in- 
hibitors, including bipyridyl, cyanide, H.S, cysteine, diethyl dithiocar- 
bamate, and azide. 

3. Ferrous ion activation in the presence of ascorbate is further enhanced 
hy reduced glutathione. Both ascorbate and GSH were frequently ob- 
served to increase the activity of the enzyme at pH 7.0, but not at pH 
6.0, in the absence of added ferrous ions. 

4. Although insensitive to iodoacetate and maleate, the enzyme is 
strongly inhibited by mercuric chloride, p-chloromercuribenzoate, and 
iodosobenzoate. The reversal of inhibition by PCMB requires both GSH 
and ferrous ions, neither of which is effective alone. Fet*, however, does 
not appear to be involved in the incomplete reversal of iodosobenzoate in- 
hibition by ascorbate and GSH. 

5. The enzyme is not inactivated by dialysis at pH 7.0. It is suscep- 
tible to irreversible inactivation by oxygen and by H.O.. 
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6. The sharp specificity of the enzyme for homogentisic acid oxidation 
is indicated by its failure to oxidize either gentisic or o-hydroxypheny]- 
acetic acid. It is strongly inhibited by benzoquinone acetic acid, which, 
however, has not been conclusively ruled out as an intermediate in homo- 
gentisic acid oxidation. 

7. Evidence is presented that ascorbate activates the enzyme by pro- 
tecting Fe+*+ but not —SH groups against oxidation and that GSH _pro- 
tects —SH groups and is less effective than ascorbate in protecting Fet*. 
Neither GSH nor ascorbate has been shown to be a specific cofactor for the 


enzyme. 
8. The possibility that homogentisic acid oxidase is an iron-protein with 
an iron-sulfur linkage is discussed. 
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THE BIOSYNTHESIS OF HYALURONIC ACID BY 
GROUP A STREPTOCOCCUS 


III. ORIGIN OF THE N-ACETYLGLUCOSAMINE MOIETY* 
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Previous publications from this laboratory have reported the use of a 
strain of group A hemolytic streptococcus for the study of the biosynthesis 
of the mucopolysaccharide, hyaluronic acid (HA) (1, 2). Methods were 
devised for the isolation of HA of high purity and the isolation and degrada- 
tion of fragments of the molecule. Glucose-1-C' and glucose-6-C™ were 
used to demonstrate that both the glucosamine and glucuronic acid por- 
tions of the HA molecule were derived from glucose without previous 
scission of the carbon chain. It was also found that the magnitude of 
labeling of the acetyl group of the HA and that of the acetic acid in the 
medium were almost identical, suggesting that they are either in equilib- 
rium or arise from a common intermediate. In similar studies which utilize 
only glucose-1-C'4, Topper and Lipton (3) came to like conclusions, 

In view of the paucity of existing knowledge regarding the mechanism 
of synthesis of heterologous polysaccharides such as HA, a number of alter- 
native pathways from glucose to the N-acetylated glucosamine and glu- 
curonic acid portions of HA must be considered. Final decision regarding 
these can be achieved only by the detailed elucidation of the enzymatic 
mechanism involved. However, it was thought possible that certain rele- 
vant information could be obtained by utilizing the techniques previously 
employed, and it is the purpose of this report to detail certain experiments 
aimed at determining the origin of the N-acetylglucosamine moiety of HA. 


Methods 


The strain of streptococcus, the medium, the method of isolation of HA, 
and the method of isolation of the acetyl group of HA and the acetic acid 
of the medium have been previously described (1, 2, 4). 


* Aided by grants from the National Heart Institute, the National Institutes of 
Health, United States Public Health Service, the Helen Hay Whitney Foundation, 
and the Variety Club of Illinois. 

t Present address, Rackham Arthritis Research Unit, University of Michigan, 
Ann Arbor, Michigan. 
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Isolation of Glucosamine—Glucosamine was isolated by a procedure found 
to be considerably more efficient than that previously utilized. This in- 
volves the use of 2 Dowex 50 column in the H* form in a manner similar to 
that described by Gardell (5), but for elution, however, 0.05 n HCl passed 
through a 2.5 X 4 cm. column at a rate of 1.0 ml. per minute. Under 
these conditions the procedure is highly efficient in terms of yield and sep- 
aration from amino acids. This method was also utilized for the isolation 
of doubly labeled glucosamine from Aspergillus niger. When the efficiency 
of this procedure was tested by isolating glucosamine from a mixture of 
that compound and totally labeled radioactive amino acids (approximately 
equal quantities), less than 0.7 per cent of the radioactivity of the amino 
acids was found in the isolated glucosamine. 

Preparation of Carboxyl-Labeled Acetic Acid—Carboxyl-labeled acetic acid 
was prepared as described by Calvin et al. (6). 

Preparation of Carboxyl-Labeled N-Acetylglucosamine—N -Acetylgluco- 
samine was prepared by acetylation with labeled acetic anhydride by the 
method of White (7). 

Glucose-1-C'*—This compound was obtained from the National Bureau 
of Standards through the courtesy of Dr. H. 5S. Isbell. 

Glucosamine-C™ , N'*—Glucosamine-C',N'® was prepared biosynthet- 
ically with A. niger, strain 66.! 

The medium employed contained, in 1 liter, glucose-1-C'™ (20 gm.), 
MgsO, (1.25 gm.), KH2PO, (2.5 gm.), 4) (10 gm.), and ZnSO, 
(0.05 gm.). The (N!°H4)eSO, was prepared from N'H,NO; by passage 
through a column of Dowex 2 in the sulfate form. 500 ml. were inoculated 
with a suspension of spores obtained from a culture of Czapek’s agar me- 
dium and grown while shaken at room temperature for 13 days. The 
mycelium was separated by filtration and washed extensively with water, 
ethyl alcohol, and ether, yielding 1.62 gm. of dry material which was pul- 
verized and refluxed with 200 ml. of concentrated HCl for 24 hours. After 
treatment with Norit A, the filtrate was evaporated to dryness three times 
to remove the HCl, dissolved in 60 ml. of HO, and passed through a column 
of Dowex 1 in the CO;= form. From the effluent 170 mg. of glucosamine 
were recovered by the use of Dowex 50, as described above. The gluco- 
samine so obtained showed an N!® concentration? of 17.6 atoms per cent 
excess and a radioactivity of 64,900 c.p.m.? 


1 This strain was obtained from Dr. John R. Raper, Department of Botany, Uni- 
versity of Chicago. 

2 We are grateful to Dr. Herbert Anker for the N!° analyses performed on the mass 
spectrograph. 

3 All radioactivity analyses were carried out in an internal gas flow counter with 
Q gas. Samples were converted to BaCOs, and radioactivity is expressed as counts 
per minute corrected to “‘infinite thickness.”’ 


= = 


| 

C 

t 

| 5 
p 

G 
H 

. 
re 
tl 

Ci 

Sl 

st 

Ol 

m 

| SI 
| vl 
| lo 
ra 
of 
tot 


DORFMAN, ROSEMAN, MOSES, LUDOWIEG, AND MAYEDA 585 


The distribution of the radioactivity in the glucosamine was determined 
by degradation of the phenyl-p-glucosotriazole derivative by the method 
previously published (2). The radioactivity of C; was obtained by decar- 
boxylation of glucosaminic acid. Results of this degradation are presented 
in Table I. It will be noted that, in contrast to the results previously ob- 
tained in studies with the streptococcus, the radioactivity of C, of the glu- 
cose placed in the medium appears in both C, and C, of the glucosamine.‘ 

Such findings may result from the presence of some mechanism of syn- 
thesis of glucosamine involving breakdown of the 6-carbon chain, but re- 


synthesis of glucose in this organism would seem to be a more likely ex- 


planation. ‘This question was not further investigated. 


TABLE | 
Distribution of Radioactivity in C4, N'5-Labeled Glucosamine Isolated from A. niger 


—-- 


Compound | C atom | Radioactivity 
c. p.m. 
| Ci-6 64,900 (388 ,000)* 
COz from glucosaminice acid.................... C, 203 , 100 


HCHO (isolated as dimedon derivative)........ Ce 119,100 


* Represents total activity = average activity of Ci-¢ X 6. 


EXPERIMENTAL 


Incorporation of N-Acetylglucosamine—The pathway by which the N- 
acetylglucosamine of the HA molecule is formed from glucose in the strep- 
tococcus is unknown. Since the possible mechanisms could be considerably 
reduced by the demonstration of the incorporation of N-acetylglucosamine, 
the question was studied with carboxyl-labeled N-acetylglucosamine. Be- 
cause preliminary experiments indicated that this compound cannot be 
substituted for glucose as a carbon source in the growth of the strain of 
streptococcus utilized, it was necessary to add glucose to the medium. In 
order to make conditions as comparable as possible to previous studies, a 
molar ratio of 0.1 of N-acetylglucosamine-glucose was utilized. The re- 
sults of two such experiments, otherwise performed under conditions pre- 
viously described, are presented in Table IT. 

A substantial incorporation of radioactivity in HA, almost entirely 
localized in the acetyl group, was demonstrated. When one compares the 
radioactivity of the acetyl group of the HA to that of the N-acetyl group 
of the N-acetylglucosamine, the ratio is 0.19 in Experiment 1 and 0.17 in 

*The radioactivity recovered in C,; and C, represents substantially all of the 


activity of the glucosamine (C,; and C, = 322,000 ¢.p.m. as compared with a calculated 
total of 388,000 ¢.p.m. from glucosamine or 389,000 ¢.p.m. from glucosotriazole). 
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Experiment 2. In view of the fact that the molar ratio of N-acetylgluco- 
samine to glucose in the medium is 0.1, it might be suggested that N- 
acetylglucosamine is preferentially utilized and is therefore actually an 
intermediate in the synthesis of HA. Utilizing a mixture of glucose-1-C"™ 
and inactive N-acetylglucosamine, Topper and Lipton (3) came to such a 
conclusion. An alternative explanation is that labeling of the acetyl group 


TaBLeE II 


Incorporation of Radioactivity in Hyaluronic Acid from Carboxyl-Labeled 
N-Acetylglucosamine 


Radioactivity 
Compound 
Experi- Experi- | Experiment Experiment 
ment 1 ment 2 1 2 
c.p.m. C.p.m. c.p.m. c.p.m. 
N-Acetylglucosamine in medium............. 14,300 | 24,000 | 114,160 192,000 
1,680 | 2,750 | 23,500 38,400 
2-Methylbenzimidazole derivative of acetyl 
group of hyaluronic acid................... 2,740 | 4,130; 21,900 | 33,000 
2-Methylbenzimidazole derivative of medium 
C. of glucuronic acid of hyaluronic acid...... 10 3 10 3 
Glucosamine of hyaluronic acid............. 0 0 


* In these calculations it was assumed that all of the radioactivity was present in 
the carboxyl carbon of the acetate or acetyl; thus the average radioactivity of all 
carbon atoms determined experimentally was multiplied by the total number of 
carbon atoms in the compound to give radioactivity of carboxyl carbon acetate or 
acetyl. 


of the HA arises from that of N-acetylglucosamine only indirectly by the 
following scheme. 


N-Acetylglucosamine* 45 glucosamine + acetate* 
Acetate* + X — acetyl* X — HA* 


Thus any other intermediate (X) could become labeled irrespective of 
whether or not N-acetylglucosamine is an intermediate. That the latter 
compound is hydrolyzed is highly probable in view of the high activity of 
the medium acetic acid (it is of interest that this is higher than the acetyl 
group of the HA). Rogers (8) has demonstrated the appearance of a vola- 
tile acid after the action of resting cell suspensions of strains of both Strep- 
tococcus viridans and Streptococcus hemolyticus on N-acetylglucosamine. 
The existence of such a deacetylase in Escherichia coli has also been demon- 
strated in this laboratory (9). 
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That acetate can serve as a precursor of the acetyl group of the HA is 
directly demonstrated by the data in Table III. The conditions of this 
experiment were identical with that previously described, except that car- 
boxyl-labeled acetate was added instead of N-acetylglucosamine. Acetate 
added to the medium is readily incorporated into the acetyl group of HA. 
The activity of the acetyl group of the HA is actually higher than that of 
the medium acetic acid isolated at the termination of the experiment. This 
is readily explained if acetate production from other sources (in previous 
reports we have demonstrated that acetate is produced from glucose in 
this organism) is assumed to continue after HA synthesis ceases, serving to 
dilute the active acetate of the medium and decreasing the radioactivity 


TaBLeE III 
Incorporation of Radioactivity into Hyaluronic Acid from Carboryl-Labeled Acetate 
| 
| Radioactivity ene: 5 calculated 
Compound 
2 
c.p.m. c. p.m. Cc. p.m. c. p.m. 
Acetate added to medium.................. 370,000 190,000 | 740,000 | 370,000 
2-Methylbenzimidazole of acetyl group of | 
2-Methylbenzimidazole of acetic acid iso- | 
lated from medium after growth......... 3,300 | 26 , 000 


* Calculated as in Table II. 
of the acetate that is isolated from the medium at the end of the experi- 
ment. That this occurs has recently been demonstrated in this laboratory.® 

These results are consistent with the idea that the incorporation of radio- 
activity in HA from active N-acetylglucosamine could result from the initial 
hydrolysis of the N-acetylglucosamine and subsequent utilization of the 
liberated acetate. 

In order to gain further evidence on this question, experiments were per- 
formed similar to those illustrated in Table II, except that inactive acetate 
was also added. If the labeled acetate is incorporated via hydrolysis to 
free acetic acid, there should be a decrease in the activity of the acetyl group 
of the HA under these conditions, while, if direct incorporation of N-acetyl- 
glucosamine occurs, no change would be expected. The results of two 
such experiments which are recorded in Table 1V demonstrate that the 


5 Cifonelli, J. A., Mayeda, M., and Dorfman, A., unpublished results. 
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addition of inactive acetate to the medium results in a decrease of the ratio [ 1 
of radioactivity of the HA acetyl group to that of the N-acetylglucosamine t 
incorporated into the medium, and that the extent of this decrease is de- c 
pendent on the amount of acetate added. Thus, compared with ratios U 
of 0.17 and 0.19 in the absence of added acetate (Table II), the addition of 1 
inactive acetate results in a decrease of this ratio to 0.089 and 0.021 in | t 
Experiments 1 and 2 respectively (Table IV). The amount of added ace- s 
tate was twice as great in Experiment 2 as in Experiment 1. 
In both cases the medium acetic acid is more active than the acetyl group ss 
of the HA. The higher activity in the medium acetic acid than that in d 
I 
TABLE IV e 


Incorporation of Radioactivity from Carboryl-Labeled N-Acetylglucosamine tn sl 
Presence of Inactive Sodium Acetate 


Experi- Experi- Experi- | Experi- 
ment If ment 2f ment 1 ment 2 
| c.p.m. p.m. C.p.m. | C€.9.m. 
N-Acetylglucosamine in medium............... 2710 4940 21,700 39,400 G 
2-Methylbenzimidazole of acetyl group of hyalu- | | 
dian | 1,790 | = 
2-Methylbenzimidazole of medium acetic acid. . 571 360) 4,570 880 TI 
* Calculated as indicated in Table IT. 
3 t Molar ratios of glucose-N-acetylglucosamine-sodium acetate were 1:0.1:0.43 in 
; experiment 1 and 1:0.1:0.87 in Experiment 2. CC 
2. 
the HA is readily explained by the assumption that hydrolysis of N-acetyl- | th 


glucosamine continues after HA synthesis has ceased, thus resulting in an 
increase in the radioactivity of the acetate isolated from the medium at the = = N 
end of the experiment. This is in conformity with the finding by Rogers | 

(8), with resting cell suspensions, that there was no correlation between 
N-acetylglucosamine consumption and HA production. 


Incorporation of Glucosamine—Since direct utilization of N-acetylglucos- pr 
amine for HA production could not be substantiated, other experiments | — SU 
were designed to examine the question of the utilization of glucosamine for = ¢o 
HA synthesis. In the study by Topper and Lipton (3), the use of inactive an 
glucosamine in the presence of glucose-1-C' resulted in a decrease in the of 
radioactivity of C-1 of the glucosamine of the HA. It was, accordingly, of 
concluded that glucosamine represented an intermediate in HA synthesis. glu 
Such an experiment, or one which utilizes carbon-labeled glucosamine, does am 
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not take into account the possibility that glucosamine may be deaminated 
to yield glucose (or some other intermediate). The quantitative aspects 
of such experiments are particularly treacherous since they may depend 
upon the relative rates of a variety of unknown reactions. Thus, if the 
labeled glucose is rapidly utilized in fermentation (as actually occurs) while 
the possible transformation of glucosamine to glucose proceeds at a much 
slower rate, glucosamine may appear to be a very efficient precursor. 

For these reasons it was decided to investigate this question by utilizing 


N'-labeled glucosamine prepared biosynthetically. The experimental 


design was essentially identical with the experiments presented in Table 
II, with the exception that doubly labeled glucosamine was substituted in 
equimolar quantities for labeled N-acetylglucosamine. The results of 
such experiments given in Table V indicate that, when doubly labeled glu- 


TABLE V 


Incorporation of Glucosamine tnto Hyaluronic Acid 


| 
Compound Radioactivity Nis 
| | 
C.p.m. atom son cent excess | 
Glucosamine in medium........... 68 ,845* | 17 .6* | 4.04 X 104 
of acid. . 284 | 0.084 | 3.40 104 


These ure the for the from the chitin. 
This was diluted with inactive glucosamine in the streptococcus medium; the dilu- 
tion, however, does not affect the C'/N'® ratio. 


cosamine was employed, the ratio of C'4/N'* remains remarkably constant, 
3.40 X 10‘ as compared with 4.04 X 104. This constancy of ratio indicates 
that glucosamine is, in fact, an intermediate in the synthesis of HA. 

It should also be stressed that these data indicate that the glucosamine 
N is not in ready equilibrium with the other N of the medium. 


DISCUSSION 


The data obtained in the experiments with labeled N-acetylglucosamine 
presented no support for the idea that N-acetylglucosamine is utilized as 
such for the synthesis of HA. They cannot, however, be considered as 
conclusive in ruling out such a possibility. If phosphorylation of glucos- 
amine is considered to be essential for polysaccharide synthesis, the failure 
of N-acetylglucosamine to be utilized would be consistent with the findings 
of Harpur and Quastel (10), who reported that the phosphorylation of 
glucosamine by brain extracts and ATP is inhibited by N-acetylglucos- 
amine. Grant and Long (11) and Brown (12) have demonstrated forma- 
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tion of a compound which appears to be glucosamine-6-phosphate by crys- 
talline yeast hexokinase. The recent studies of Leloir and Cardini (13) 
with extracts of Neurospora crassa suggest that glucosamine phosphate is 
formed via hexose phosphate, although phosphorylation of glucosamine, 
but not N-acetylglucosamine, was demonstrated. They suggest that 
acetylation occurs after formation of glucosamine-6-phosphate. However, 
the acetylation of free glucosamine has been demonstrated by Chou and 
Soodak (14), with an enzyme preparation derived from pigeon liver and by 
others utilizing bacterial enzyme preparations (15, 16). 

The apparent utilization of glucosamine for HA synthesis is not consis- 
tent with the mechanism proposed by Leloir and Cardini (13). They 
proposed that amination occurs after hexose phosphate formation, although 
there was evidence of phosphorylation of glucosamine. It is possible that 
both mechanisms exist for the formation of glucosamine-6-phosphate. 

The utilization of acetate for the acetyl group of HA is of some interest 
but the mechanism of this conversion remains for future elucidation. It 
is apparent that an acetyl-activating enzyme is present in this organism. 


SUMMARY 


Although growth of hemolytic streptococci on a medium containing car- 
boxyl-labeled N-acetylglucosamine results in incorporation of radioactivity 
in the acetyl group of HA, it cannot be concluded that N-acetylglucos- 
amine is an intermediate in HA synthesis, since it was demonstrated that 
this organism deacetylates N-acetylglucosamine and utilizes acetate for 
HA synthesis. 

By utilizing C'N'*-glucosamine, it was demonstrated that glucosamine 
is incorporated into the HA without previous deamination. 

Glucosamine formation in Aspergillus niger from glucose-1-C'™ resulted 
in distribution of radioactivity principally in carbons 1 and 6. This could 
result from resynthesis of glucose by conventional pathways. 
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DETERMINATION OF HISTAMINE AS AN ISOTOPIC 
DERIVATIVE 


By RICHARD W. SCHAYER,* YUTAKA KOBAYASHI,f anp 
ROSA L. SMILEY 


With tHe ASSISTANCE OF KwanG Tat Wu 


(From the Rheumatic Fever Research Institute, Northwestern University 
Medical School, Chicago, Illinois) 


(Received for publication, July 21, 1954) 


The isotope derivative technique was devised by Keston and his co- 
workers and applied to the quantitative analysis of amino acids (1). The 
method involves the quantitative reaction of the amino group! with p-iodo- 
phenylsulfonyl chloride (pipsy! chloride) which can be labeled either with 
I! or S*®. Following the quantitative formation of this radioactive deriva- 
tive, the amount of amino acid can be determined by use of carrier (2) or 
by chromatography (3). The carrier technique for amino acid determina- 
tion was abandoned by these workers owing to the difficulties encountered 
in removing radioactive impurities (3). | 

We have applied this method to the quantitative analysis of histamine in 
biological samples and find the carrier technique to be very satisfactory. 
Purification of pipsylhistamine carrier is much easier than purification of 
pipsylamino acids, since the former can be recrystallized from several 
different organic solvents; pipsylamino acids are not readily soluble and 
must be precipitated by addition of acid to an aqueous ammoniacal solu- 
tion. 

Current methods for the determination of histamine are based on pharma- 
cological activity or on colorimetry. These methods do not offer proof that 
the substance being measured is histamine. It is believed that the present 
method offers a more reliable identification of histamine than do existing 
methods. 


EXPERIMENTAL 


Pipsy!l chloride, both non-isotopic and I'*!-labeled,? was prepared in the 
usual manner (2). Material of low activity is satisfactory for the analysis 
reported in this paper. 


* Supported by a contract with the United States Atomic Energy Commission. 

t Postdoctoral Fellow, United States Public Health Service. 

1 p-Iodophenylsulfonyl chloride also reacts with hydroxyl groups. 

2In the preparation of the radioactive reagent, purification by sublimation is 
essential to eliminate an impurity which is extremely difficult to remove by crystal- 
lization. 
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594 DETERMINATION OF HISTAMINE 
Reaction of Pipsyl Chloride with Histamine on Large Scale oe 
Histamine dihydrochloride, 18.4 gm. (100 mmoles), was dissolved in | . 
200 ml. of water, and a solution of 76 gm. of pipsyl chloride (125 mmoles) | 7 
in 800 ml. of dioxane was added. The flask was flushed out with nitrogen, | a 
and 50 gm. of sodium bicarbonate, suspended in 200 ml. of water, were | , 
added. The flask was shaken. Very soon an oil separated and crystal- | . 
lized. More water was added to precipitate the remaining dipipsy] deri- | e 
vative of histamine. After recrystallization by dissolving in hot acetone, 
filtering, and adding a 0.5 volume of warm water, 56.4 gm. of derivative, | 
a yield of 88 per cent, were obtained. The pure compound melts at | " 
176.5°. Calculated (for dipipsylhistamine), C 31.7, H 2.35, N 6.53 per | 
cent; found C 32.1, H 2.39, N 6.58 per cent. 7 7 
Reaction of Pipsyl Chloride with Microgram Amounts of Histamine a 
Under experimental conditions to be described later, samples of C"™- " 
histamine (4) in the presence of tissue extracts, when treated with non- - 
isotopic pipsyl chloride, were constantly converted in 93 to 96 per cent 
yield to an ether-extractable compound. This radioactivity could not be , 
removed from earrier dipipsylhistamine in repeated recrystallizations; it | B 
produced only one radioactive peak on paper chromatograms. Hence the 
products of pipsylation of histamine on both micro and macro scales are 
identical. 
Method of Tissue Analysis—Tissues were ground with sand in a mortar ra 
with trichloroacetic acid plus 1 drop of 0.1 N hydrochloric acid per gm. of 
wet tissue. After 30 minutes the extract was filtered into a glass-stoppered ¥ 
2 graduate, and the tissue residues were extracted three additional times | 
2 with small amounts of 5 per cent trichloroacetic acid. The latter was | $s 
“ removed by ether extraction (done in the graduate), residual ether was 
‘ blown off with nitrogen, and the volume measured. Generally the volume 
was adjusted so that 0.20 ml. of extract would be equivalent to 0.10 gm. e 
of wet tissue. There is no loss of histamine by this treatment (5). ” 
For samples, 0.20 ml. of tissue extract was used. Standards for each | - 
tissue were prepared by adding a known amount of histamine to 0.20 ml. of = | : 
tissue extract. 
In glass-stoppered test-tubes of about 18 ml. capacity were combined i 
0.20 ml. of tissue extract, 0.10 ml. of water (for samples) or 0.10 ml. of hista- | 
mine solution (for standards), and 0.30 ml. of purified dioxane containing ™ 
5 mg. of I'%!-pipsyl chloride. The tubes were flushed with nitrogen, 0.10 
ml. of sodium bicarbonate solution (90 mg. per ml.) was added, and the | 
tubes stoppered and shaken gently. After standing at room temperature hi 
for 30 minutes with occasional mild shaking, the tubes were placed in a 50° io 
water bath for 15 minutes to accelerate the hydrolysis of excess pipsy] chlo- ta 
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ride. 3 ml. of water were added, and each sample and standard extracted 
five times with 7 ml. portions of ether. The ether layers were transferred 
with a dropper (with care to avoid contamination by the highly radio- 
active aqueous portion) to a 125 ml. Erlenmeyer flask containing 500 mg. 
of carrier pipsylhistamine dissolved in acetone. The solution was evapor- 
ated to a small volume on a hot-plate, diluted to about 30 ml. with acetone, 
warmed, treated with about 0.7 gm. of Norit, filtered, washed, and ad- 
justed to about 40 ml. with acetone. Then 15 ml. of warm water were 
added, mixed, and crystallization permitted to occur without further agita- 
tion. The pipsylhistamine was filtered and washed with a small amount of 
cold methanol, 

For the second recrystallization® the sample was dissolved by heating with 
10 to 15 ml. of acetone plus 15 to 20 ml. of ethanol. 0.7 gm. of Darco was 
added, the mixture filtered, and the filtrate evaporated to a volume of 
about 15 ml. The crystals were permitted to form slowly. They were 
washed with a small volume of cold ethanol. 

For the third recrystallization the sample was dissolved in 20 ml. of 
acetone, and then 15 ml. of toluene and 0.7 gm. of Nuchar were added. 
After filtration the solution was evaporated to a volume of about 10 ml. 
Benzene and Skellysolve, 1:1, were used for washing the crystals. 

The fourth crystallization was the same as the first, but required pro- 
portionally less solvent and adsorbent. 

The fifth and sixth recrystallizations, when carried out, were similar 
to the second and third. In every type of biological material tried, the 
radioactivity was invariably constant after the fourth crystallization and 
often constant after the third. Therefore, in routine assays a count was 
made only after the fourth crystallization, and the histamine content of the 
sample was calculated from that value. 

For counting, samples weighing between 48 and 52 mg. were plated and 
counted; then the material on the plate was redistributed and recounted 
until good checks were obtained. After subtracting background, the ob- 
served count was corrected for the difference between the actual weight 
and 50 mg. Then the corrected counts per minute are directly proportional 
to the histamine content of the samples and standards. In this procedure 
self-absorption errors are negligible. 

In Table I a tissue analysis performed in quadruplicate is presented, in 
which a large number of standards were employed. These data are in- 


3 The recrystallization procedures are designed to produce losses of carrier suf- 
ficient to insure efficient removal of impurities. 

*In routine work standards are not essential for each group of samples. The 
histamine equivalent of a batch of radioactive pipsyl chloride is determined on a 
certain date; then samples can be assayed on another date and correct values ob- 
tained by correction for radioactive decay. 
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596 DETERMINATION OF HISTAMINE | 
tended to show the reproducibility of the values and the constancy of the | x 
count after the fourth recrystallization. t 
Values for various organs obtained by the isotope derivative method, ex- | d 
pressed as micrograms of histamine per gm. of fresh tissue, are as follows: r 
rat liver 1.0, 1.0, 1.1; rat abdominal skin 21, 23, 25, 33; rat small intestine r 
6, 7, 11; rat stomach (average of six combined) 20; rat abdominal muscle j k 
TABLE I 
Histamine Assay of Combined Large Intestines of Six Rats u 
Total weight, 6.4 gm.; total volume of extract, 12.8 ml. - 
Sample No. | Description | | crystallization 
1 0.20 ml. extract 180 180 e] 
2 0.20 ‘ 200 Lost 
3 | 0.20“ « 190 200 
4 | 0.200 « « | 180 
0.20 + 0.50 ml. histamine 370 la 
6 0.20“ +050“ « | 410 380 
7 0.20 “ §20 490 
| 0.20 +2.00 | 930 | 970 ti 
Calculations (based on data of the fourth crystallization); average of quadrupli- 
cate samples, 190 c.p.m.; average values of standards after subtraction of 190 c.p.m. W 
due to histamine in sample, 0.50 y = 180 ¢.p.m.; 1.00 y = 340 ¢.p.m.; 2.00 y = 760 t} 
c.p.m.; 1.00 y of histamine = 360 c.p.m., average. 190/360 = 0.53 7 of histamine in | et 
+ 0.20 ml. of extract = 5.3 y of histamine per gm. of tissue. The deviation from the 
. mean (from data of both the fourth and fifth crystallizations) is for samples 5 per - 
. cent, for 0.50 y standards 6 per cent, for 1.00 y standards 3 per cent, and for 2.00 y 
* standards 2 per cent. 
* Corrected. 
6, 7, 9; rat large intestine (average of six combined) 5; rat lung 2.5, 2.5, 2.9; si 
rat kidney 0.5, 0.6, 0.9; guinea pig lung 11, 12, 13, 16. 
Values for some of these organs obtained by other assay techniques are ch 
of comparable magnitude. Feldberg and Talesnik (6) report the following li 
values: rat liver 0.7, rat abdominal skin 24, rat duodenum 5, rat stomach 
14 y pergm. A survey of the literature reported by Guggenheim (7) lists 
the following values: rat liver 0.5 to 1.3, rat lung 3.5 to 10.2, and guinea pig 1. 
lung 12 to 23 y per gm. a 
DISCUSSION liz 
The isotope derivative technique for the determination of histamine has ch 
several advantages over existing methods. It is believed to be more nearly ni 
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specific, since it involves the isolation of a compound which is crystallized 
to a well defined criterion of purity; 7.e., constant specific activity. It is 
dificult to conceive of minute amounts of impurity surviving the rigorous 
regimen of adsorption and crystallization without a loss which would be 
reflected by a drop in the specific activity of the sample. There are no 
known tissue constituents which interfere with this assay. No acidic com- 
pound including the free amino acids forms a pipsyl derivative which is 
extracted by etherfrom basic solution. Urea labeled with C', when treated 
under these conditions, did not produce an ether-extractable compound. 


~Pipsylamide and a small amount of unchanged pipsyl chloride are to be 


expected as contaminants, but they are readily removed during crystalliza- 
tion. Trial experiments showed that, when microgram amounts of the 
pipsyl derivatives of C'-labeled tyramine, tryptamine, cadaverine, and 
epinephrine were added to carrier pipsylhistamine, they were completely 
eliminated by four crystallizations. 

Another advantage is that almost all purification is carried out after the 
labeled pipsylhistamine is mixed with carrier. From this point on, loss 
of material has no effect on the final analytical value. 

The method can be used over an extremely wide range of concentrations. 
Since pipsyl chloride can be prepared which has a very high specific ac- 
tivity, the method has potentialities for determining histamine in minute 
fragments of tissue. 

Finally, the method may be useful for the determination of any amine 
which forms a crystalline pipsyl derivative. Preliminary work has shown 
that crystalline derivatives are obtained from tyramine, tryptamine, phen- 


- ethylamine, cadaverine, epinephrine, norepinephrine, and hydroxytyra- 


mine. 


SUMMARY 


A method for the quantitative determination of histamine in biological 
samples is described. It is based on the conversion of histamine to a radio- 
active derivative with iodine-labeled p-iodophenylsulfony! chloride (pipsy] 
chloride) and the removal of interfering substances by repeated recrystal- 
lization of added carrier. 
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change in specific activity. Furthermore, tissues such as rat liver and kidney, which 
might be expected to be high in interfering substances, rapidly drop during a few 
crystallizations to very low specific activities. 
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QUANTITATIVE DETERMINATION OF URINE SODIUM 
BY MEANS OF ION EXCHANGE RESINS* 


By JOHN C. VANATTA ano CATHERINID CARR COX 


(From the Department of Physiology, Southwestern Medical School of 
The University of Texas, Dallas, Teras) 


(Received for publication, July 27, 1954) 


The method for quantitative determination of serum sodium as described 
by Vanatta and Cox (1) is adaptable to determination of urine sodium. 
However, wider variations in sodium and potassium concentrations, and 
the presence of ammonia and other interfering substances, necessitate 
certain modifications of the procedure. 

Apparatus and Reagents—The items of apparatus needed for the determi- 
nation of urine scdium are those required for determination of serum sodium 
with the following additions and exceptions. 

1. The 50 cm. column of resin with a cross-sectional area of 0.93 to 1.04 
sq. cm. is increased to a length of 55 cm., the diameter remaining the same. 
A 50 ce. burette is adequate for either column. 

2. A 250 ec. Erlenmeyer flask. 

3. A small glass boiling bulb which will fit the opening of the 250 cee. 
Erlenmeyer flask. 

4. A stopper with a CO, absorption tube in it which will fit the 250 ce. 
Erlenmeyer flask. 

The same reagents as for determination of serum sodium are required, 
with the addition of the following reagents: 

1. Nitrogen gas under pressure or compressed air washed in alkali or 
passed through soda lime. 

2. 100 ce. of toluene with two or three crystals of thymol. 

3. Soda lime or a similar COzg absorber. 


Procedure 


The urine is collected and toluene with thymol is immediately added in 
sufficient quantity to form a thin layer on top of the sample. The analysis 
is carried out according to the following procedure. 

Step 1. Transfer of Urine to [R-112 Column—Place 1 or 2 ce. of urine 
(depending on the sodium concentration as described below) on the IR-112 
column in exactly the same manner that the serum sample is introduced. 

* This study was supported by a grant from the American Heart Association in 


cooperation with the Dallas Heart Association. Resins for this work were supplied 
by the Rohm and Haas Company, Philadelphia 5, Pennsylvania. 
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Step 2. Chromatographic lution of Sodium—The elution is carried out 
with 0.05 Mm BaCls at a rate never exceeding 2 cc. per minute. The only dif- 
ference from the serum sodium elution is that the effluent from 50 to 132.5 
cc. is collected rather than the effluent from 40 to 122.5 ce. This is nee- 
essary because of the longer resin column. Substitution of the longer 
column and collection of the 50 to 132.5 cc. portion of the effluent in the 
serum method would allow the same column to be utilized for determina- 
tion of either serum sodium or urine sodium. 

Step 3. Precipitation of Barium as BaSO,;—This precipitation is carried 
out exactly as in Step 3 of the serum sodium determination. 

Step 4. Conversion of NaCl to NaOH and Quantitative Determination of 
NaOH—10 cc. of IRA-400 are placed in the resin column and washed with 
water as desc1ibed in Step 4 of the serum sodium procedure. When the 
resin has been washed as described, a 50 cc. aliquot of the supernatant 
fluid from Step 3, followed by two 10 cc. portions of deionized H.O, is run 
through the IRA-400 column. The entire 70 cc. effluent is collected in a 
250 cc. Erlenmeyer flask and boiled vigorously for 10 minutes by use of 
the boiling bulb, which will prevent loss of solution by spattering. The 
flask is immediately stoppered with the CO, absorber and cooled to room 
temperature by immersion in a cold water bath. Contamination of the 
solution with soda lime from the absorption tube gives marked excess in 
the titration. A source of such contamination may be the condensation of 
sufficient moisture inside the soda lime tube so that a drop falls into the 
liquid. If the entire flask is cooled rapidly, such contamination is less 
likely to occur. 

Upon removal of the CO, absorber, a stream of N» gas or CO.-free com- 
pressed air is immediately started bubbling through the solution and con- 
tinued until the titration is completed. 5 drops of brom thymol blue are 
added, and the solution is titrated with 0.01 ~ HCl until the end-point is 
obtained. From the volume of 0.01 x HCl added, the sodium concentra- 
tion may be calculated. This value for the sodium concentration must be 
corrected for two factors. (a) The blank titration of a saturated solution of 
BaSQO, in approximately 0.13 HCl and 0.02 must be subtracted. 
Determination of the blank is described in Step 4 of the serum sodium 
method. (b) 6 per cent of the corrected value must be added to the 
corrected value as this is the amount of sodium lost by occlusion when the 
precipitation of BaSO, is carried out as specified in Step 3. 


2(ec. standard solution) X (normality of standard solution) 
= uncorrected m.eq. Na per volume of sample = y 


( 103 ) uncorrected m.eq. Na 
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mainte — — blank in m.eq. per liter 


uncorrected m.eq. Na 
liter urine 


= Na m.eq. per liter corrected value 


TABLE I 
Comparison of Determinations of Urine Sodium by Resin Method with Method of 
Butler and Tuthill 
All values in milliequivalents per liter; averages of duplicate determinations. 
The figures in parentheses represent differences of duplicate determinations. 


Butler Tuthiil, Butler-Tuthill, 4 zg 
Sample Resin method urine ashed urine unashed 


B ( 
(A) (C) X 100 100 100 
Normal 1 | 60.7 (2.5) | 61.1 (1.5) | 61.4 (2.3) | -—0.7| 40.5 —1.1 
2 67.9 (2.1) 67.5 (1.8) 65.5 (0.5) +0.6 —3.0 | +3.7 
3 132.6 (0.1) |131.8 (1.4) 130.3 (1.9) | +4+0.6; -—1.1! 41.8 
4 | 55.7 (1.1) | 56.4 (0.6) | 53.6 (0.2) | -—1.2' -—5.0/| +3.9 
5 154.3 (5.3) 158.8 (1.3) 154.1 (1.4) -2.8 -3.0 > 40.1 
6 | 95.4 (2.2) | 93.2 (3.7) | 99.8 (2.9) | +2.4| +7.1 | —4.4 
7 174.4 (20.1) 172.8 (2.6) 173.8 (1.5) 40.6 40.3 
8 106.0 (2.2) 106.3 (1.7) 105.6 (0.2) -0.3. -0.7 40.4 
Q 227.9 (8.4) 230.4 (1.8) 225.0 3.9) -1.1) -2.3) 41.3 
10 40.4. (1.9)* —5.4 
Patients 1 | 53.8 (0.7) | 53.2 (1.7) | 50.0 (1.0) | +1.1) -6.0 | 47.6 
2 110.3 (1.2) 109.8 (2.6) 107.3 (3.3); 40.5, -—2.3) 
137.3) (1.1) 137.6 (0.8) 133.1 (1.1) -0.2 -3.3 43.2 
4 | 76.4 (2.1) | 85.3 (1.0) | 75.0 @©.8) | —10.4 | —12.1 | +1.9 
5 36.3 (1.6)* 36.9 (2.3)t | —1.6 
6 129.4 (2.1) 129.1 (O.8)t +0.2 
31.1 3.1) 31.6 (0.9) | +1.6 
Average. | —1.09 —2.07) +1.65 


*2 ce. sample analyzed. 
t Single determination. 
t5 ce. sample analyzed. 


Results 


Ten urine specimens from normal healthy individuals were analyzed in 
duplicate by the resin method, and the results were compared with those 
of duplicate determinations by both a modified and the original Butler- 
Tuthill methods (2). Also urine samples from six hospital patients with 
a sodium concentration over 20 m.eq. per liter were obtained, and dupli- 
‘ate determinations were run by all three methods (Table I). 

The results of duplicate determinations by the resin method when com- 
pared with those of duplicate determinations by the modified Butler-Tuthill 
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method showed differences greater than 2 per cent in only four out of sixteen 
determinations, with an average algebraic difference of —1.09 per cent. 
The results of duplicate determinations by the resin method when com- 
pared with those of duplicate determinations by the original Butler-Tuthill 
method differed more than 2 per cent in six out of thirteen determinations, 
with an algebraic average difference of +1.65 per cent. 

Four samples from hospital patients with low urine sodium concentra- 
tion were run by the modified Butler-Tuthill method, and recovery of added 


Il 
Recovery of Sodium Added to Urine Samples 


All values in milliequivalents per 1 ec. of sample analyzed. 0.1500 m.eq. of Na 
added to each sample. 


Na determined by 


modified Butler-Tuthill Total resin 


methoc Per cent recovery of 


Sample No. method | B-—A | added Na 
(A) | ‘B) | | 
1 0.0310 | 0.1813 0.1508 100.2 
0.1802 0.1492 99.5 
2 0.0089 0.1611 0.1522 101.5 
| (0). 1622 0.1533 102.2- 
3 0. 0.1586 0. 14SS 99 .2 
0). 1596 0.1498 
0 .0052* 0.1526 0.1474 OS 
0.1512 0). 1460 07.3 


*5 ec. sample analyzed; values expressed in milliequivalents per 1 ce. 


sodium was tested by the resin method (Table I]). Duplicate determina- 
tions were run on each sample with 0.1500 m.eq. of sodium added. Re- 
covery in individual determinations ranged from 97.3 to 102.2 per cent, 
with an average recovery of 99.8 per cent. 

The reproducibility of results of the resin method was evaluated by ex- 
pressing the difference of duplicate determinations as per cent of the mean 
of the duplicates. This difference was 5 per cent or less in fifteen of the 
sixteen samples analyzed. We have no explanation for the variation of 
11.5 per cent with Sample 7 of the series on normal urine. Reproducibility 
of the results of ten replicate determinations on a standard solution of 150 
m.eq. per liter of NaCl to which potassium, calcium, and magnesium were 
added showed a standard deviation of 2.0 m.eq. per liter (1). 
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DISCUSSION 


The original Butler-Tuthill method as applied to serum has been checked 
for accuracy by several workers (3-5). However, a review of the literature 
reveals no checks on this method as it is used to determine urine sodium 
concentration. Butler and Tuthill stated that they had studied the ne- 
cessity of ashing urines, but present no results comparing dry ashed and 
unashed methods. 

In checking our method against the original Butler-Tuthill procedure, we 
found an agreement of only 1.65 per cent, which raised the question of the 
accuracy of both of the methods. Since the results of the resin and the 
Butler-Tuthill methods were in agreement within | per cent on serum de- 
terminations, it was decided to modify the Butler-Tuthill method for urine 
by ashing the urine in the same manner as for the serum. The urine was 
ashed after the precipitation of the phosphates, and then the sodium was 
precipitated as sodium uranyl zinc acetate. When averages of results of 
duplicate determinations by the original and by our modified Butler- 
Tuthill method are compared, the differences are greater than 2 per cent in 
nine out of fourteen determinations, and all but one of these are in the direc- 
tion of the modified method, giving results higher than the original method, 
with an average algebraic difference of —2.07 per cent. The ashed method 
is theoretically the more accurate because no sodium is lost in dry ashing 
as determined by ashing standards,’ and organic substances which might 
interfere are removed. Therefore, if the Butler-Tuthill method is to be 
used for analyses of urine sodium, we recommend modification of the pro- 
cedure by ashing as described above. 

Larger amounts of potassium are present in urine than are found in 
serum; consequently the capacity of the IR-112 resin column had to be 
increased to 55 em., which assures sodium-potassium separation. The 
sodium curve of the 55 cm. column begins at 55 cc. and ends at 130 ec. of 
effluent, as compared with the sodium curve on the 50 ¢m. column, which 
begins at 40 cc. and ends at 122.5 ce. of effluent. The potassium curve is 
moved from 122.5 ce. through 200 cc. on the 50 ¢m. column for 0.1 m.eq. of 
K to 137 ce. through 220 ec. on the 55 em. column for 0.15 m.eq. of K. 
Thus the 55 em. column gives a sodium-potassium separation margin of 
7 cc. of effluent, which assures complete sodium recovery without contami- 
nation by potassium, even in the presence of Concentrations of potassium 
of 150 m.eq. per liter if 1 ec. of urine is used or 75 m.eq. per liter if 2 ce. 
of urine are employed. We did not test the margin for separation at 
higher potassium concentrations. 


' Unpublished data of the authors. 
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Ammonia, which is eluted at approximately the same rate as is sodium, | rec 
is present in negligible quantities in serum. However, the ammonia con- | go 
centration in urine is of sufficient magnitude to be a source of error and may Bu 
be increased further by decomposition of urea. To prevent this decom- exi 


position, a preservative such as toluene with thymol must be added to the ) 
urine sample immediately after collection. Also, before titration with 
standard HCl the effluent from the anion exchange resin column must be 


boiled vigorously for 10 minutes in order to remove any ammonia present. an 

An undetermined substance found in some urines, which is eluted at dit 
approximately the same rate as sodium, causes extreme and varied positive me 
errors by reacting with the indicator when heated. This was not observed wh 
in determination of serum sodium. To avoid this error, the indicator must ) is 
not be added until the effluent from the anion exchange resin column has 3 
been boiled to remove ammonia and then cooled to room temperature. pr 
Since the solution may not be boiled again during the titration, in order to me 
remove carbon dioxide all air coming in contact with the solution after me 
boiling must pass through a CO, absorber such as soda lime. Then to pre- avi 
vent CO, absorption during the titration, nitrogen gas or CO,-free com- col 
pressed air is bubbled through the solution. wh 

In urine the sodium concentration varies from 2 m.eq. per liter or lower 2 4 
to 200 or 300 m.eq. per liter. With sodium concentrations below 40 m.eq. Th 
per liter, the error in the end-point of the HCl titration results in devia- | det 
tions greater than 2 per cent of the total sodium present. The error in | 3, 
the end-point of the HCl titration also makes evaluation of the sodium | jg, 
occlusion inaccurate in dealing with quantities of sodium below 0.040 m.eq. — tio 
of total sodium present in Step 3. Therefore, on urines with sodium con- the 
centrations from 20 to 40 m.eq. per liter, 2 ec. of the sample must be | ag 
introduced into the column to obtain accurate results. We do not recom- ’ 
mend the method for accuracy when applied to concentrations of sodium | of: 
below 20 m.eq. per liter. We did not attempt to increase the volume fur- Du 
ther in samples with lower sodium concentrations. ; sm 

The per cent of sodium occluded in the barium sulfate precipitation was taj 


determined with initial sodium concentrations of 50 to 200 m.eq. per liter | 
and found to be a constant per cent of the sodium present over this range. 

It should be pointed out that the recovery experiments by the resin 
method depend upon the accuracy of the modified Butler-Tuthill method 
in determining low sodium concentrations. This was brought out in 
Sample 2 of Table II. Errors of +1.5 and +2.2 per cent. were obtained 
when results by the modified Butler-Tuthill method were assumed to rep- 
resent the true sodium concentration. When duplicate recovery deter- 
minations were performed by the original and the modified Butler-Tuthill 
methods, errors of +1.2 per cent resulted in both cases. The errors in the 
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recovery experiments by all three methods would be explained if the 
sodium concentration of 8.9 m.eq. per liter, determined by the modified 
Butler-Tuthill method, were 1.4 m.eq. per liter low. Similar errors may 
exist in the other three values of column (A), Table IT. 


SUMMARY 


Modification of the resin method of Vanatta and Cox for serum sodium 
(1) was necessary In adapting the procedure to determination of urine so- 
dium because of the higher potassium and ammonia content of urine, the 
more variable sodium content, and the presence of a substance in urine 
which interferes with the brom thymol blue indicator when the indicator 
is added betore the solution is boiled. 

Analyses of urine samples were carried out in duplicate by each of three 
procedures: (1) the resin method, (2) a modified (ashed) Butler-Tuthill 
method, and (3) the original (unashed) Butler-Tuthill method. Agree- 
ment within 2 per cent was found in twelve out of sixteen cases when the 
averages of results of duplicate determinations by Methods 1 and 2 were 
compared, while only seven out of thirteen cases agreed within 2 per cent 
when the results of Methods 1 and 3 were compared. Results by Methods 
2 and 3 agreed within 2 per cent in only five out of fourteen determinations. 
The average algebraic differences when the averages of results of duplicate 
determinations of Methods | and 2, Methods | and 3, and Methods 2 and 
3 are compared are —1.09, +1.65, and —2.07 per cent respectively. It 
is evident that the resin method for determining urine sodium concentra- 
tion agrees within 2 per cent with either of the Butler-Tuthill methods, 
though results by the two Butler-Tuthill procedures do not show close 
agreement. 

The resin method was also checked for accuracy by testing the recovery 
of sodium added to urine samples of extremely low sodium concentration. 
Duplicate determinations were run on each sample with addition of 0.1500 
m.eq. of sodium. An average sodium recovery of 99.8 per cent was ob- 
tained, and individual determinations ranged from 97.3 to 102.2 per cent. 
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The existence of hemagglutinins in the seeds of many species of plants, 
particularly in those of Leguminosae, has been known for many years 
(1-7). In a previous communication (8) the application of the phyto- 
hemagglutinin of Phaseolus vulgaris (red kidney beans) or Phaseolus com- 
munis (navy beans) for the separation of leucocytes from erythrocytes 
was described. The advantages of having this agglutinin available in a 
pure stable dry state of known titer are obvious. Partially purified prod- 
ucts obtained from P. vulgaris in the past (9-12) indicated that this phyto- 
hemagglutinin is a protein, and it was thought to be an albumin. 

In a preliminary report (13), we summarized a procedure for obtaining 
this agglutinin in the form of a mucoprotein. We have recently observed 
that this material, in an environment at low pH, dissociates into two parts, 
one a protein hemagglutinin and the other an inactive polysaccharide. 
In this paper we shall present first, in brief, the method of purification of 
the mucoprotein,' and then, in more detail, the purification of the active 
protein. 


Materials and Methods 


Dry beans of P. vulgaris or P. communis, finely ground, were used. Low 
temperature ethanol fractionation and salting out procedures were applied. 
Electrophoretic analyses were performed with a Klett apparatus by utiliz- 
ing the 11 ml. cell and buffers of ionic strength 0.1 (14). The patterns were 
recorded by Longsworth’s scanning technique after a migration for 180 


* This investigation was supported in part by a contract with the United States 
Atomic Energy Commission and by research grants from the American Cancer So- 
ciety (on recommendation of the Committee on Growth of the National Research 
Council), the National Cancer Institute of the National Institutes of Health, United 
States Public Health Service, and the Medical Research Foundation of Oregon. 

1 This mucoprotein in partially purified form but of high agglutination titer, pre- 
pared by a simplification of the method outlined in this paper, is now commercially 
available from Difco Laboratories, Inc., Detroit 1, Michigan, under the name Bacto- 
Phytohemagglutinin, code No. 0528. 
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minutes at a temperature of 1°. The sampling device (15) was used to ob- 
tain fractions from the electrophoretic cell for chemical analyses and ag- 
glutination titrations. Agglutination titers were determined by the Salk 
technique (16). 


EXPERIMENTAL 


Preparation of Phytohemagglutinin in Mucoprotein State—This method 
was developed with information derived from studies performed on frac- 


- 
B 


Fic. 1. Electrophoretic patterns taken after a 3 hour migration in Miller’s buffers, 
ionie strength 0.1. A, partially purified product at pH 8.0. Band ©, purified muco- 
protein at pH 8.0 and 2.0, respectively. 


tions obtained from the electrophoretic cell during the analysis of a par- 
tially purified product. The electrophoretic pattern of this product is 
shown in Fig. 1, A. It was thus possible to demonstrate that Component 
d is the phytohemagglutinin, which gives both protein and polysaccharide 
reactions, and that Components a, b, and ¢ are inactive proteins; 6 and e 
are merely the false boundaries. It was further possible with such frac- 
tions to compare the solubility characteristics of Component d with those 
of the others. With the use of electrophoretic analysis as a test for purity, 
the method summarized in Scheme 1 was developed. 

The material so obtained behaves as a homogeneous substance from pl] 
5.8 to 8.6. Fig. 1, B shows the electrophoretic pattern of the purified 
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mucoprotein obtained under conditions identical to those used for the par- 
tially purified product. The electrophoretic mobility-pH curve, when ex- 
trapolated, intercepts the zero mobility line in the neighborhood of pH 5.6. 
No protein or polysaccharide was found under the false boundary e. The 
product contained 6.5 per cent nitrogen (micro-Kjeldahl) and 50.4 per cent 
total reducing substances estimated as glucose, when the Nelson modifica- 


1 kilo bean flour; extract with 4 liters 1% NaCl for 24 hours at 0°; centrifuge 


Residue; diseard Extract; adjust pH to 5.7; add cold (—2°) ethanol to 
30%; centrifuge 


Ppt.; diseard Supernatant solution; add cold (—2°) ethanol plus 10% 
ethyl ether to 75% ethanol; centrifuge 


Supernatant solution; Ppt.; dry; dissolve in 600 ml. 1% NaCl; repeat ethanol 
discard fractionation as above 


| 
Ppt. (from 75% ethanol); dry; dissolve in 400 ml. 1% NaCl; repeat ethanol frac- 
tionation once more 


Ppt. (from 75% ethanol); dry; dissolve in 200 ml. 0.1 mM phosphate buffer, pH 8.0, 
0°; add ammonium sulfate to 0.4 saturation; centrifuge 


Ppt.; diseard Supernatant solution; add ammonium sulfate to 0.7 
saturation; centrifuge 


Supernatant solution; Ppt.; dissolve in water, dialyze, centrifuge, dilute to 
discard 100 ml.; repeat ammonium sulfate fraction 


Ppt. (from 0.7 saturation with ammonium sulfate); dissolve in water; dialyze free 
of sulfate; lyophilize 


Phytohemagglutinin (approximately 8.0 gm.) 


SCHEME 1. Diagrammatic representation of the procedure for purification of the 
mucoprotein phytohemagglutinin. 


tion (17) is applied to the method of Somogyi (18). It is, therefore, a 
mucoprotein. It is very soluble in distilled water, saline, or buffer solu- 
tions, and is inactivated by being boiled. Electrophoretic analyses per- 
formed below pH 5.8 yielded patterns progressively asymmetric and, at 
pH 2.0, the mucoprotein completely decomposed into two components, one 
of which remained stationary while the other migrated as a cation (Fig. 1, 
('). Tests on fractions obtained from the electrophoretic cell showed that 


610 PHYTOHEMAGGLUTININ OF P. VULGARIS 


Component 2 is an inactive polysaccharide; Component 1 is the hemagglu- 
tinin which is a euglobulin and can be salted out free from the polysaccharide 
only when the pH is maintained at 1.0. Attempts toseparate them by low 
temperature ethanol or acetone procedures failed at all pH reactions. 

Purification of Protein Phytohemagglutinin—All work was performed in 
a cold room at 1°, unless otherwise specified. A motor-driven Sharples 
supercentrifuge was used whenever high centrifugal force was necessary for 
complete sedimentation of the precipitates. 

Extraction—1 kilo of ground beans (Phaseolus vulgaris) is slowly poured 
into 5 liters of ice-cold dilute hydrochloric acid of pH 1.0 (approximately 
0.1 N) with mechanical stirring. The suspension is stirred for 24 hours and 
then centrifuged for 10 to 15 minutes at about 1000 * g. The reddish, 
viscous, slightly turbid extract is decanted and saved. 

Fractionation with Ammonium Sulfate—To the extract an equal volume 
of ice-cold saturated ammonium sulfate solution? of pH 1.0 is slowly added 
with constant stirring, giving a final concentration of 25.4 gm. of ammo- 
nium sulfate per 100 ml. of solution. The suspension may be kept overnight 
and then centrifuged at 13,000 X* g, with a sufficiently low rate of flow so 
that the pink effluent solution shows only slight turbidity. 

To the clarified solution an equal volume of the saturated ammonium 
sulfate of pH 1.0 is slowly added with mechanical stirring, thus raising the 
final concentration to 38.1 gm. per 100 ml. The suspension should stand 
for 24 hours, after which any clear supernatant fluid is carefully siphoned 
off and discarded. The rest is centrifuged at 13,000 X g, the rate of flow 
being adjusted so that almost complete clarification occurs. The pinkish 
precipitate, finely dispersed in approximately twice its volume of distilled 
water, is transferred to thin wall, small diameter cellophane tubes* and 
dialyzed against water until the pH has risen to 3.9 and the volume has 
increased about 50 per cent. This can be accomplished by dialysis against 
running water at 14° for 36 hours, followed by dialysis at 1° against 40 times 
the original volume of distilled water for another 36 hours. The suspension 
is then centrifuged, and the clear, straw-colored supernatant solution is 
saved. 

The pH is adjusted to 5.8 with 1.0 N NaOH. The precipitate is allowed 
to settle for 24 hours, and the clear, yellowish supernatant solution is re- 
covered by siphoning or centrifugation. 

The protein phytohemagglutinin is now precipitated in pure form by a 


2 The ammonium sulfate solution used in this step can be prepared by dissolving 
508 gm. of crystalline ammonium sulfate in 600 ml. of distilled water to which 80.5 
ml. of concentrated HCl have been added, diluted to 1000 ml. with distilled water. 

3 Cellophane sausage casing, size 27/32, obtainable from the Visking Corporation, 
Chicago, Illinois, was used. 
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10-fold dilution with ice-cold distilled water, centrifuged, and lyophilized. 
The yield is approximately 2 gm. per kilo of beans. A flow sheet sum- 
marizing this method is presented in Scheme 2. 


1 kilo bean flour; extract with 5 liters dilute HCl (approximately 0.1 N), pH 1.0, at 
1° for 24 hrs.; centrifuge 
{ 


Residue; discard Extract; add equal volume of cold (1°) concentrated 
ammonium sulfate solution, pH 1.0, to obtain final 
salt concentration of 25.4 gm. per 100 ml.; centrifuge 


Ppt.; discard Clarified solution; add equal volume of same ammo- 
nium sulfate solution to obtain final salt concentra- 
tion of 38.1 gm. per 100 ml.; centrifuge 


Clarified fluid; discard Ppt.; suspend in twice its volume distilled water; 
dialyze against running tap water, followed by dis- 
tilled water, until pH of 3.9 and 50% volume increase 
is reached; centrifuge 


Residue; discard Supernatant solution; adjust pH to 5.8 by dropwise 
addition of 1.0 N NaOH; centrifuge 


Ppt.; discard Supernatant solution; dilute 10-fold with cold distilled 
water; centrifuge 
| 
Supernatant fluid; dis- Ppt.; lyophilize 
card 
| 


Protein phytohemagglutinin (approximately 2.0 gm.) 


ScHEME 2. Diagrammatic representation of purification procedure of protein 
phytohemagglutinin. 


Properties—The protein phytohemagglutinin thus obtained is an amor- 
phous product, insoluble in distilled water, soluble in 0.85 per cent saline, » 
and all the buffer solutions (14) that have been tried. In solution, it is 
inactivated at boiling temperature but is quite stable at 1°, even at a pH 
as low as 1.0 (a solution stored in the refrigerator for 1 month at pH 1.0 
retained its original agglutination titer). It contains 14.6 + 0.05 per cent 
nitrogen, 3.4 + 0.25 per cent total reducing substances, and 7.25 per cent 
tyrosine determined by the Folin-Ciocalteu method (19). Electrophoretic 
analyses between pH 2.0 and 8.0 showed it to be homogeneous, with an iso- 
electric point at pH 6.5. Fig. 2, 7, depicts the patterns obtained at pH 
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2.0, 6.47, and 8.0. An analysis‘ of a 0.7 per cent solution in Miller’s buffer, 
pH 7.0, ionic strength 0.1, with a Spinco analytical ultracentrifuge at 
52,600 r.p.m., temperature 26°, revealed a large homogeneous component 
having a sedimentation constant of 7.2 S, contaminated by only a small 
amount of material sedimenting ahead of it (Fig. 2, 77). 

The insolubility of this protein in distilled water and its low electro- 
phoretic mobility® indicate that it is a euglobulin. 

Titration and Use of Phytohemagglutinin for Leucocyte Separations—We 
have found the small tube method described by Salk (16) the most suitable 


Fic. 2. J, electrophoretic patterns of the purified protein-phytohemagglutinin 
taken after a 2 hour migration in Miller’s buffers, ionic strength 0.1. A, pH 2.0; B, 
pH 6.47; and C, pH 8.0. J/, ultracentrifugal patterns of the same preparation taken 
with a Spinco ultracentrifuge rotor speed 52,640 r.p.m., temperature 26°, time after 
beginning of sedimentation 16, 32, 56, and 80 minutes. 


for titration of the phytohemagglutinin, since it gives a clear, objective, 
and reproducible end-point. Such titrations of both the mucoprotein and 
the protein are shown in Table I, Columns 2 and 3. The final concentra- 
tion of the phytohemagglutinin in the titration tubes is shown in Column 
1. The mucoprotein gives a positive agglutination down to 10 y per ml., 
and the protein down to 0.1 y per ml. 

For routine leucocyte separations, it is preferable to use the titration 


4 We are greatly indebted to Dr. John W. Gofman and Dr. Frank T. Lindgren of 
the Donner Laboratory, University of California, Berkeley, for carrying out the 
ultracentrifugal analysis. 

5 The studies of the electrophoretic mobility-pH curve, as well as of other physico- 
chemical constants of this protein, will be presented in a subsequent paper. 
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method of Li and Osgood (8). A solution should be prepared in 0.85 per 
cent saline of 0.1 gm. per 100 ml. of the mucoprotein, or 0.01 gm. per 100 
ml. of the protein phytohemagglutinin. The solution should be sterilized 
by filtration through a Seitz filter, and a series of 2-fold dilutions with 0.85 
per cent saline should then be prepared. An aliquot of 0.1 ml. of the dilu- 
tion to be tested is introduced into a centrifuge tube containing 10 ml. of 
blood with sufficient anticoagulant, and the directions given by Li and Os- 
good (8) followed. The optimal amount is the one which gives the maxi- 
mal yield of leucocytes with a minimal admixture of erythrocytes. This 


TABLE I 
Agglutination Titers (Salk Method) of Purified Phytohemagglutinin 


| _ Supernatant solution Preparation made by 


—— | Mucoprotein | Protein | from protein phyto- 
phytohemagglutinin, phytohemagglutinin | phy tohemagglutinin | hemagglutinin ti- 


7 per ml. | tration tubes 


Final concentration | 


2000 
1000 


+ 
+ 


144444444 
| 


| 


optimum varies somewhat between different individuals, from 0.1 to 0.25 
ml. of the sterilized solution per 10 ml. of blood. 

Mode of Action of Phytohemagglutinin—Whether this phytohemagglu- 
tinin agglutinates the erythrocytes by actually combining with them, or by 
altering their membrane through an enzyme-like action, was investigated 
by a second titration of the supernatant solution obtained from each tube 
of the titration shown in Column 3, Table I. The results are recorded in 
Column 4. It is apparent that the agglutination titer has been diminished 
to one-tenth. An enzymatic action being thus unlikely, it is concluded 
that human erythrocytes can adsorb or otherwise inactivate about 10 
times the amount of phytohemagglutinin necessary to give a positive ag- 
glutination. The sites of action on the erythrocyte surface apparently are 
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different from the A, B, and Rh sites, since all types of human erythrocytes, 
including type O and Rh-negative, are equally agglutinated by the phyto- 
hemagglutinin within the accuracy of the method. 


DISCUSSION 


During the development of these procedures, the methods described by 
Goddard and Mendel (10) and by Bourdillon (20) were also tried. <A 
product prepared by the Goddard-Mendel method had a very low titer com- 
pared with either the mucoprotein or the protein phytohemagglutinin 
(Table I), and on electrophoresis showed a small amount of mucoprotein, 
heavily contaminated with inert proteins. This fact, we believe, led to the 
erroneous Classification of this substance as an albumin. We were unable 
to prepare any agglutinating material by the method of Bourdillon, who 
describes this substance as a lipide, extractable by organic solvents. 

The fact that the titer of the protein phytohemagglutinin is of the order 
of 100 times that of the mucoprotein cannot be explained entirely by the 
elimination of the polysaccharide part. From the nitrogen content of the 
mucoprotein it appears that the protein part accounts for 40 per cent of 
its weight; thus one would expect only a 2.5-fold increase of the agglutina- 
tion titer. It is possible that the elimination of the polysaccharide unveils 
more active sites of the protein which may have been sterically hindered, or 
may be participating in bonds with the polysaccharide. In the latter 
event, it would appear probable that this phytohemagglutinin may aggluti- 
nate the erythrocytes by combining with a polysaccharide of the stroma 
possessing groups similar to those of the mucoprotein polysaccharide. 
Work is now in progress designed to elucidate the nature of this bond and 
its relationship to erythrocyte agglutination. 

This phytohemagglutinin has been found to be non-toxic (11, 21), in 
sontrast to the highly toxic ricin (1). It is a panagglutinin, agglutinating 
equally human erythrocytes of all blood types tested in our laboratory, 
although lower titers for erythrocytes of type A have been reported (7, 22). 
It also agglutinates the erythrocytes of horse, pig, dog, cat, rabbit, chicken, 
and frog (9, 23). Since it does not agglutinate human leucocytes and nu- 
cleated erythrocytes, it is suitable for separation of nucleated cells of blood 
or marrow from erythrocytes for culture or metabolic studies. The applica- 
tion of the phytohemagglutinin method yields leucocytes in a greater state 
of purity than ever before, with a minima] amount of time, effort, and 
expense and also increases the reliability of chemical and metabolic studies 


of leucocytes. 


SUMMARY 


The methods for purification of the phytohemagglutinin of Phaseolus 
vulgaris as a mucoprotein and as a protein have been described. 
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The mucoprotein behaves as a homogeneous substance on electrophoresis 
over the pH range of 5.8 to 8.6, and its electrophoretic mobility curve, 
when extrapolated, intercepts the zero mobility line at about pH 5.6. Be- 
low pH 5.8 it dissociates into a protein phytohemagglutinin and an inactive 
polysaccharide. This mucoprotein contains 6.5 per cent nitrogen, 50.4 
per cent total reducing substances estimated as glucose, it is heat-labile, 
and very soluble in distilled water. 

The protein behaves as a homogeneous substance on electrophoresis over 
the pH range of 2.0 to 8.0, and its isoelectric point is 6.5. The nitrogen 


content of this protein is 14.6 per cent and its total reducing substances 


3.4 per cent. It is a heat-labile euglobulin, insoluble in distilled water, but 
very soluble in saline, or buffer solutions. 

This phytohemagglutinin, in either the mucoprotein or the protein form, 
is a non-toxic, powerful hemagglutinin of all types of human erythrocytes, 
and those of the horse, pig, dog, cat, rabbit, chicken, and frog. Directions 
are given for its use in the separation of human leucocytes from erythro- 
cytes. 
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HOMOARGININE INHIBITION OF ESCHERICHIA COLI B 
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It has been shown in this laboratory (1) that homoarginine (a-amino-e- 
guanidino-n-caproic acid) is a powerful growth inhibitor of certain green 
algae, half maximal inhibition of Chlorella vulgaris occurring at a concen- - 
tration of 1 y per ml. Both arginine and lysine were effective in competi- 
tively reversing homoarginine inhibition of C. vulgaris, with inhibition in- 
dices of less than 1 in each case. In order to throw further light on the - 
mechanisms of homoarginine inhibition and its reversal, the effect of this 
compound on other microorganisms was examined. It was found that 
growth of Escherichia coli B was strongly inhibited by this compound. The 
results of a quantitative study of homoarginine inhibition of . coli and 
its reversal are reported in this paper. 


Methods and Materials 


Organisms—The organisms used were F. coli B and an arginineless mu- 
tant derived from F. coli B (2). 

Growth Conditions—The double strength basal medium contained glucose 
20 gm., NasSO, 10 gm., NH,Cl 10 gm., KH2PO, 16 gm., MgSO,-7H2O 0.06 
gm., and redistilled water to 1 liter; the pH was adjusted to 7.2 with KOH. 
Just before use, a trace amount of FeSO, in acid solution was added. No 
precipitate is formed with this medium. .Aluminum-capped tubes, con- 
taining 2.5 ml. of double strength basal medium plus added substances 
diluted to a final volume of 5 ml., were autoclaved for 5 minutes at 110°, 
cooled, inoculated with | drop per tube of a dilute F. coli suspension, and 
incubated at 37°. Growth was determined optically by means of a turbi- 
dimeter (distilled HO = 0, opaque = 100) or an Evelyn colorimeter with 
a 540 my filter, adapted for matched 18 X 150 mm. Pyrex test-tubes. 
For accurate determinations of inhibition curves and inhibition indices 
(ratio of inhibitor concentration to reversing agent concentration for 50 
per cent inhibition), it is desirable to obtain readings slightly before the 
cultures in the control tubes, 7.e. those lacking inhibitor, reach their maxi- 
mal growth. 

Compounds Employed—All amino acids used were commercial prepara- 
tions (Nutritional Biochemicals Corporation), with the exception of L- 
homoarginine hydrochloride, which was synthesized as described previously 
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(1). Its structure and purity were further confirmed by alkaline hydroly- 


I 
sis, followed by microbiological assay with a lysineless mutant of E.coli | 
B for the pt-lysine formed. 
Results 
Homoarginine is an extremely potent inhibitor of ZL. coli B, as can be A 
seen in Fig. 1. In eight separate experiments, the concentration of L- | = ¢ 
40} E.COL!I B 
HOMOARGININE 
20k O2 G/ML. 
30 > 
= w | 20 HOURS— ; Ww 
=" ARGININE = 
a. e CITRULLINE 
Te) 
O5+ ORNITHINE 
4 LYSINE 
02 04 06 2 .002 00 008 
L-HOMOARGININE-HCI, JG/ML. REVERSING AGENT, PG/ML. | 
Fig. 1 Fic. 2 
Fig. 1. Inhibition of the growth of Escherichia coli B by homoarginine. N 
Fig. 2. Reversal of homoarginine inhibition of E. coli B at a low inhibitor con- | 
centration. The extreme sensitivity and specificity of the reversal by arginine are’ | 
shown, as observed after incubation for 20 and 22 hours. The concentrations given -— 
are for L-homoarginine hydrochloride, L-arginine hydrochloride, pu-citrulline, pL- 
ornithine hydrochloride, and pi-lysine hydrochloride; the optical density was meas- - 
ured at 540 my with an Evelyn colorimeter. 
homoarginine hydrochloride required for 50 per cent inhibition varied be- mi 
tween 0.02 and 0.04 y per ml. (0.9 to 1.8 & 10-7 Mm). As in the case of In 
C. vulgaris (1), homoarginine inhibited F. coli B more strongly than did ; of 
canavanine at low levels of inhibitor. de 
Inhibition Reversal at Low Homoarginine Concentrations—Among_ the tar 
compounds examined for reversing activity, arginine was by far the most cul 
active in reversing homoarginine inhibition of this organism; citrulline was SOl 
the next most active reversing agent, followed by ornithine, and lysine. 50 
Even at the extremely low inhibitor concentration of 0.2 7 of L-homoarginine hit 
hydrochloride per ml., the reversing activity of L-arginine hydrochloride cit 


was much greater than that of pL-citrulline, pL-ornithine hydrochloride, or 
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pi-lysine hydrochloride, as can be seen in Fig. 2. Under these experi- 
mental conditions only 0.008 y of arginine per ml. was required for near 
maximal growth after 20 hours incubation; after 22 hours, the amount of 
arginine required for the same amount of growth was still smaller; yet 
growth remained slight in the control tubes to which no arginine was added. 
Arginine concentrations of 0.001 y per ml. can be readily detected under 
these conditions. 


E.COL! B 
20r OF 
WwW HOMOARGININE-: HCI 
oO UG/ML. 
0.05 
10 
x 20 
05+ 40 
6 80 
L-ARGININE-HCi, UG/ML. L-ARGININE-HCI, UG/ML. 
Fic. 3 Fia. 4 


Fic. 3. Curve of growth versus added arginine for E. coli B arginineless mutant 
No. 43. The optical density was measured at 540 my with an Evelyn colorimeter. 

Fic. 4. Reversal of homoarginine inhibition of Z. coli B at high homoarginine 
concentrations. Increase in homoarginine concentration above 20 y per ml. does not 
increase the inhibition. The optical density was measured at 540 my with an Evelyn 
colorimeter. 


The relatively specific response to extremely low arginine concentrations 
might well provide the basis for an ultramicrodetermination of arginine. 
In order that the sensitivity of such an assay might be compared with that 
of a microbiological assay for arginine, a determination was performed un- 
der very nearly the same experimental conditions with an arginineless mu- 
tant of /. coli B grown in the same basal medium. Fig. 3 presents the 
curve obtained for growth versus the amount of added arginine. Compari- 
son with Fig. 2 indicates that the assay by inhibition reversal is more than 
5000 times as sensitive as the microbiological assay; in addition, the in- 
hibition assay is more specific, since the mutant will grow equally well on 
citrulline or ornithine.! 


1 When this mutant is grown on ornithine, inhibition by homoarginine can be 
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Inhibition Reversal at High Homoarginine Concentrations—Arginine re- 
tains its reversal specificity at relatively high homoarginine concentrations. 
The inhibition index is 20 up to a homoarginine concentration of 10 y per 
ml.; however, somewhat above this concentration an interesting phenome- 
non can be observed. As shown in Fig. 4, an increase in the concentration 
of homoarginine above a value of 20 y per ml. does not result in increased 
inhibition. At higher concentrations of homoarginine, growth in the pres- 
ence of a given amount of arginine remains the same as at 20 y per ml. 


DISCUSSION 


Homoarginine has now been shown to be extremely toxic to certain green 
algae and to EF. coli B; the effect of this compound on other organisms, in- 
cluding pathogens, should be investigated. From other work (3), it would 
appear that homoarginine is not toxic to mammals. The fact that cana- 
vanine is less toxic to C. vulgaris and EF. coli B than is homoarginine at low 
levels of inhibitor can perhaps be ascribed to metabolic diversion of cana- 
vanine. One such diversion might be through the formation of cana- 
vaninosuccinate (4), with subsequent spontaneous cyclization to an enzy- 
matically inactive form (1). 

Although further work is indicated, reversal of inhibition at low levels 
of homoarginine appears to hold considerable promise as an ultramicro- 
assay for arginine, as well as of arginine-containing proteins, after acid 
hydrolysis. Such an assay would have several advantages, such as speed 
and simplicity, over the ingenious assay method of Camien and Dunn (5), 
but it would, of course, lack the general applicability of their compound 
microbiological assay. The specificity of homoarginine inhibition reversal 
in E. coli was somewhat unexpected, since lysine proved to be an active 
reversing agent for homoarginine inhibition of C. vulgaris (1). However, 
in these two organisms, a reversal pattern for basic amino acids can be dis- 
cerned if one takes reversal of canavanine inhibition as an indication of 
what to expect in reversal of homoarginine inhibition. For example, both 
lysine and arginine competitively reverse homoarginine as well as canava- 
nine inhibition of C. vulgaris (1), whereas arginine but not lysine reverses 
canavanine (6) and homoarginine inhibition of /. coli. The observation 
that canavanine inhibition of Torulopsis utilis is competitively reversed by 
arginine, lysine, and homoarginine (1) adds an interesting complication to 
the analysis. 

Several interpretations can be given to the fact that increase in homo- 
arginine concentration over and above 20 y per ml. does not give rise to 
increased inhibition. One explanation involves the concept of substrate 


readily demonstrated; however, inhibition cannot be shown when the organism is 
grown on arginine. 


. 
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saturation of an enzyme which transforms homoarginine into the actual 
inhibiting moiety. An alternative explanation involves the assumption 
that homoarginine inhibits the action of argininosuccinase (7) in the bio- 
synthesis of arginine (8). Argininosuccinase catalyzes the readily re- 
versible cleavage of argininosuccinate into arginine and fumarate, as well 
as the analogous reaction involving canavaninosuccinate, canavanine, and 
fumarate (4). If this were the case, it might be expected that arginine 
would play a dual réle as competitive reversing agent and product of the 
inhibited reaction. Arginine would competitively reverse homoarginine in- 
hibition up to a certain arginine level; above that level arginine would act 
as the product of the inhibited reaction, and increased amounts of homo- 
arginine would not add to the inhibition. The observation that citrulline 
is a more effective reversing agent than ornithine is in agreement with such 
an inhibition mechanism; the lower reversing activity of citrulline relative 
to arginine is not unexpected, in view of the complex nature of the reac- 
tions involved in the biosynthesis of argininosuccinic acid from citrulline 
(8). Both explanations are compatible with the experimental observa- 
tions. The first emphasizes the homoarginine concentration at the transi- 
tion point, while the second emphasizes the critical arginine concentration 
for a defined growth. 


SUMMARY 


Growth of Escherichia coli B is strongly inhibited by homoarginine, 50 
per cent inhibition occurring at 0.03 7 of homoarginine per ml. This in- 
hibition is specifically and competitively reversed by arginine, with an 
inhibition index of 20, up to homoarginine concentrations of 20 y per ml.; 
at higher concentrations arginine reverses homoarginine inhibition non- 
competitively. In the presence of 0.2 y of homoarginine per ml., after an 
incubation period during which no significant growth occurs in the absence 
of arginine, 0.005 y of arginine per ml. restores near maximal growth, and 
the growth response resulting from the addition of 0.001 y of arginine per 
ml. is readily detectable. This response is more than 5000 times as sensi- 
tive as a microbiological assay for arginine with a mutant derived from LF. 
coli B. The possible use of this system for an ultramicroassay for arginine 
and arginine-containing protein is discussed. 


The author appreciates the continued interest of Dr. Jack Myers and 
Dr. Roger J. Williams in this work. 
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METABOLIC CHANNELING IN EXPERIMENTAL NEPHROSIS 
I. PROTEIN AND CARBOHYDRATE METABOLISM* 


By DAVID L. DRABKIN anp JULIAN B. MARSHT 


(From the Department of Physiological Chemistry, the Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 30, 1954) 


Antibodies capable of producing renal damage in rats appear in the 
serum of rabbits immunized by repeated injections of an extract of rat 
kidneys (1). Heymann and Lund (2) and Ehrich, Forman, and Seifter 
(3) have developed a technique for the preparation of a potent antikidney 
serum, and the latter have demonstrated that, with the proper dosage of 
such a serum, an acute disease is produced in the rat which, from the 
viewpoint of specific renal pathology, closely resembles lipide nephrosis in 
man. The course of this experimentally produced disease state is dra- 
matic: albuminuria begins 24 to 48 hours after the injection of antikidney 
serum and is followed by hyperlipemia, hypoproteinemia, and massive 
edema. This albumin-deficit state offers an opportunity to study the 
metabolic adjustments which follow the loss of large quantities of a specific 
protein in the urine. 

Our metabolic studies were carried out both in intact young animals and 
in vitro on rat liver. Glycine-2-C' was used as a labeling agent. The 
liver glycogen content of the nephrotic rats was found to be low, and fast- 
ing hypoglycemia was demonstrated. These results, in combination with 
studies of lipide metabolism described in Paper II (4), have clarified many 
aspects of the metabolic state in experimental nephrosis. 


Methods 


The rats used were of the Long-Evans strain and weighed between 50 
and 90 gm. In our early studies, experimentally nephrotic rats were ob- 
tained from Dr. William E. Ehrich and the Wyeth Institute of Applied 
Biochemistry. In later work we produced such rats with antikidney se- 
rum prepared in our laboratory by the technique of Ehrich, Forman, and 
Seifter (3). All nephrotic rats were studied between the 4th and 7th days 


* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. 
Partial financial support was also obtained from the George W. Raiziss Research 
Fund in Biochemistry. 

t Fellow of the George W. Raiziss Research Fund in Biochemistry. 
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of the disease and were grossly edematous at the time of the experiment. 
The rats were fed ad libitum on a stock diet of Purina chow checkers, which 
contain 27 per cent protein, 46 per cent carbohydrate, and 5.6 per cent fat. 


TABLE 
Serum Proteins in Control and Nephrotic Rats 


Type of animal | Serum albumin Serum globulin | Total serum protein 
| 3.52 (6)* 3.30 (6) | 6.68 (8) 
| 0.71 (4)t | 3.21 (4) | 3.72 (7)f 


* The numbers in parentheses represent the number of experiments. 
t Significantly different from the mean value for the controls (P < 0.01). 


TaBLe II 
Labeling of Tissue Proteins after Administration of Glycine-2-C to Control and 
Nephrotic Rats* 
The results are in counts per minute per mg. of protein. 


| Control Nephrotic 
Ist day | 2nd day Ist day | 2nd day 

Serum albumin............... | 26.9 18.1 | | 
Kidney protein... ............ 14.3 | 17.8 45.1 | 26.9 
Heart protein.................| 8.0 ) 10.5 | 10.9 | 11.3 


j 


* Six control and four nephrotic rats (on the 3rd day of the disease) were given 
7.4 we. of glycine-2-C™ intraperitoneally. Half of each group was sacrificed at 24 
hours and half at 48 hours after the injection. Tissues from each group were pooled 
before analysis. 

t Represents the average labeling of urinary albumin excreted by all four rats 
during the first 24 hours and the remaining two rats during the second 24 hours. 


The first groups of control and nephrotic rats (experiments reported in 
Tables I and II) were injected intraperitoneally with 0.5 ml. of 0.2 M 
glycine-2-C™ containing 7.4 we. on the 3rd day following injection of the 
antikidney serum. Half of the rats in each group were sacrificed at 24 
hours and the remainder at 48 hours after the injection of labeled glycine. 
Blood was collected at the time of sacrifice and analyzed for total protein 
by the biuret method (5) and for albumin and globulin by the method of 
Pillemer and Hutchinson (6). The serum of the control and nephrotic rats 
was subjected to electrophoretic analysis on paper, according to the tech- 


0 
d 


8) 


t 
t 

p 
Ne 

in 
cin 

cel 

sta 

of 

ste 

the 

C( 

COl 
ren 
as 

dir 
pro 
afte 

Goc 

Ma 
afte 


D. L. DRABKIN AND J. B. MARSH 625 


nique described by Drabkin, Marsh, and Thorogood (7). The tissue, uri- 
nary, and serum proteins were prepared for radioactivity assay by the 
technique described by Krahl (8). All plates were counted long enough 
to reduce the statistical error to +2 per cent, with an end-window Geiger 
tube. The observed counts were extrapolated to infinite thinness by means 
of an appropriate self-absorption correction. 

The metabolism of liver slices (Table IIIT) was studied zn vitro in a sec- 
ond group of rats. 0.5 mm. slices were incubated in Warburg vessels as 
described in the foot-note to Table III. The COs was collected in 0.2 ml. 
of 1 N NaOH placed in the side arm of the vessel. At the end of the ex- 
periment, the vessels were placed in ice. The alkali was removed by means 


TaBLeE III 
Metabolism in Vitro of Liver Slices from Control and Nephrotic Rats* 
| Oxygen uptake, umoles | Oxidation of glycine to | Incorporation of glycine 
Type of animal per gm. dry weight | COs, wmoles per gm. dry into liver proteins, 
| per hr. | weight per hr. umoles per gm. 
+ 8.06 (9)t 3.52 + 0.28 (8) + 0.456 (23) 
Nephrotic........... + 13.1 (9) 4.57 + 0.74 12.60 + 0.694 (16)§ 


* Incubated for 60 minutes in Krebs-Ringer-phosphate medium, pl! 7.4, contain- 
ing 0.0167 m glycine-2-C"™ having a specific activity of 132,000 ¢.p.m. per umole. 

+ The numbers in parentheses represent the number of experiments. 

t In six paired experiments not included in this table, the mean increase in gly- 
cine oxidation to CO, in the nephrotic rat liver slices was + 67 per cent + 13.8 per 
cent (P <0.01). 

§ The difference between the mean values for the nephrotic and control rats is 
statistically significant (¢ = 3.74, P <0.001). 


of a syringe and needle and placed, along with two washings, in a 1 inch 
steel cup. 0.1 ml. of 1 per cent bovine plasma albumin was added, and 
the planchets were dried under an infra-red lamp. The total counts in the 
CO. were measured with a windowless flow counter and were expressed as 
counts per minute at infinite thinness as before. The liver slices were 
removed from the vessels, washed with saline, and the proteins prepared 
as described above. However, the dried protein powder was not plated 
directly, but was first dissolved in 1 N NaOH. An aliquot was taken for 
protein analysis by the biuret method (5), and another aliquot was counted 
after evaporation to dryness in the steel cups. 

Liver glycogen (Tables IV and V) was determined by the method of 
Good, Kramer, and Somogyi (9) as modified by Stadie, Haugaard, and 
Marsh (10). Blood sugar was determined by the method of Nelson (11) 
after deproteinization with Ba(OH).-ZnSO,. 
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Results 


The total serum proteins of the nephrotic rats were greatly diminished 


by the almost complete disappearance of the albumin moiety, in agreement _ 


with Heymann and Lund (2) and others, as shown in Table I. 

When examined electrophoretically (Fig. 1), a striking alteration in the 
serum protein pattern was frequently seen. The electrophoretic pattern 
of our normal rats agrees with that previously reported for this species 


TABLE IV 
Liver Glycogen Content of Control and Nephrotic Rats Allowed Food ad Libitum 
Type of animal BE Liver glycogen S.e.m. ‘* P* 
pmolest 
13 670 88.1 
Nephrotic......... 7 | 209 91.3 3.34 <0.01 


* Calculated for the difference between the means. 
t As glucose equivalents per gm. of dry weight. 


TABLE V 
Blood Sugar Levels before and after 8 Hour Fast in Control and Nephrotic Rats 
Controls Nephrotics 
Rat No. 
At 9 a.m. At 5 p.m. At 9 a.m. At 5 p.m. 
mg. per cent mg. per cent mg. per cenl mg. per cent 

1 166 72 45 

2 112 74 54 27 

3 96 53 63 31 

4- 108 81 80 41 
Mean....... 120 70 66 36 


(12-14) except for the presence of an additional component, designated X 
in Fig. 1. In several of the nephrotic rats no trace of serum albumin was 
found and the y-globulin fraction was missing. Only a trace of 8-globulin 
was found, the components being limited to a2-globulin (12-14) and com- 
ponent X, no doubt a globulin. This unusual picture was not found in all 
of the sera studied, since traces of albumin and evidence of all the globulin 
fractions were obtained in the sera of other nephrotic rats. 

Following the injection of glycine-2-C™, the serum, liver, kidney, and 
urinary proteins (but not heart muscle protein) were more highly labeled 
in the nephrotic rats (Table II). Furthermore, it can be seen that the rate 
of decline in labeling during the second 24 hours was more rapid in the 
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nephrotic rat tissues. The urinary albumin of the nephrotic rats, collected 
over the 2 day period, had a specific activity 4 times as high as that of the 
serum albumin of the control rats on the Ist day after injection of tracer. 

An increased incorporation of glycine zn vitro into the proteins of liver 
slices from nephrotic rats is shown in Table III. There was no significant 
difference in oxygen uptake of liver slices in the control and nephrotic rats, 
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Fic, 1. Klectrophoretic patterns on paper of normal human serum (7), normal 
rat serum (2), and nephrotic rat serum (3). The vertical arrows and lines show the 
point of application of the sera, and the longitudinal arrows the direction of migra- 
tion. Strips of Whatman No. 1 paper, 1.5 inches wide, were used. Electrophoresis 
was carried out for a period of 16 hours, in Veronal-acetate buffer, pH 8.6, u = 0.05, 
at 110 volts; staining was by means of amidoschwarzblau in 10 per cent acetic acid- 
methanol, 


in agreement with Heymann ef al. (15), but there was a significant increase 
in the oxidation of glycine to COs. 

Because of the relationship of liver glycogen content to certain synthetic 
processes, especially fatty acid synthesis (16), it was thought of interest to 
determine the liver glycogen in the nephrotic rats. The results (Table IV) 
indicate that the liver glycogen was reduced to less than one-third the 
normal levels. It should be noted that, while all rats were fed ad libitum, 
the nephrotic rats had a vigorous appetite and their stomachs were always 
full at the time of sacrifice. The apparent polyphagia of these animals 
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was a remarkable feature. In accord with the low liver glycogen, there 
was a fasting hypoglycemia in the nephrotic rats (Table V). Even the 
prefasting blood sugar levels were low. 


DISCUSSION 


kxcept for its acute, fulminating course, the experimental nephrosis pro- 
duced by the injection of rabbit antikidney serum into rats closely re- 
sembles human lipide nephrosis. The only pathologic abnormality present 
is a specific lesion of the basement membrane of the glomerulus (3), and 
this structure appears to be the active antigen in the crude kidney extracts 
used for immunization (17). The primary metabolic defect is an enor- 
mous loss of serum albumin in the urine. We found, as did Heymann 
and Lund (2), that the average daily urinary excretion of protein in an 80 
gm. nephrotic rat was 200 to 300 mg. This amount of protein is more 
than twice the calculated total circulating albumin in a normal rat. It 
follows that the liver manufactures this protein at a rapid rate. In spite 
of the fact that the urinary albumin represented an albumin pool about 
twice as large as that of the circulating albumin in the normal rat, the 
specific activity of the urinary albumin was 4 times as high as that of the 
serum albumin of the control rats on the Ist day following the injection of 
labeled glycine. One must conclude that after the Ist day the protein lost 
in the urine is newly formed albumin. 

The liver and kidney proteins, as well as the serum globulins, were more 
highly labeled in the nephrotic rats on the Ist day after the injection of 
tracer. Since a diminution in serum amino acids has been reported in 
nephrosis (18), this higher labeling may reflect a decrease in the size of the 
glycine pool as well as an increase in the rate of protein synthesis. Tlow- 
ever, during the second 24 hours, the dietary glycine probably dilutes the 
circulating labeled glycine sufficiently so that the more rapid rate of de- 
cline of labeling from the Ist to the 2nd day reflects an increased protein 
turnover in the tissues of the nephrotic rats. In the case of the heart 
proteins, the rate of incorporation of labeled glycine and the decline in 
specific activity may have been too slow to enable us to detect differences 
between the normal and nephrotic rats. Skeletal muscle proteins were not 
examined in these experiments, but their rate of labeling is even slower 
than that of heart proteins (19). Kelley ef al. (20) previously found an 
increased incorporation of S*-methionine into the total serum proteins of 
nephrotic children. From all of these results, the increased rate of protein 
turnover in nephrosis appears to involve the kidney and liver and possibly 
other tissues as well. 

Further evidence concerning the increased amino acid and protein me- 
tabolism in the nephrotic liver was obtained with liver slices 7 vitro, in 
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which the concentration of glycine was sufficiently high to saturate the 
local glycine pool (8). Under our conditions in vitro, there was probably 
no net protein synthesis (21), which may account for the increased oxida- 
tion of glycine to CO2, accompanied by only a moderate increase in label- 
ing of tissue protein. The liver of the nephrotic rat is geared for the rapid 
production of serum proteins. Use of this tissue for further study of the 
mechanism of protein synthesis suggests itself. 

Most of the attention in human nephrosis has hitherto been directed 
towards the question of protein metabolism. Glucose tolerance curves in 
nephrotic subjects have been reported (22), and although some abnormally 
flat curves were found, and many of the curves were otherwise abnormal, 
no consistent pattern of response was evident. Our findings of a low liver 
glycogen and blood sugar in the fed state, combined with fasting hypo- 
glycemia, indicate increased utilization of carbohydrate in the acutely 
nephrotic rat. Failure to obtain consistently flat glucose tolerance curves 
in nephrotic children may be due to the choice of relatively mild and 
chronic cases of the clinical disease compared with fulminant experimental 
nephrosis in rats. Work on the effects of a high carbohydrate diet on the 
nephrotic state is now in progress, since we believe this may have clinical 
applicability. 

It is not clear from the present experiments to what extent the process 
of gluconeogenesis is affected in nephrosis. In the liver, it would seem 
likely that most of the glucogenic amino acids would be channeled towards 
protein synthesis. Also, if energy derived from carbohydrate is essential 
for protein synthesis, the acceleration of the latter would cause further 
drain on carbohydrate stores. It is also possible that serum albumin may 
be of special importance in gluconeogenesis, and this is siphoned off into 
the urine almost as rapidly as it is formed. Thus, it should not be surpris- 
ing to find low levels of liver glycogen in nephrosis. However, in tissues 
other than liver, such as the kidney, gluconeogenesis need not be decreased 
or could conceivably be increased to provide needed carbohydrate. 

It is interesting to note that the adrenals of the nephrotic rats are en- 
larged (3). Clark (23) has reported that cortisone appears to increase 
protein synthesis by the liver, while decreasing protein synthesis in the 
body as a whole. Such an effect might be operative in nephrosis. The 
work of Roberts (21), suggesting a réle of the adrenal cortex in the trans- 
location of protein, may be pertinent in the nephrotic situation. 

An analogy may be drawn between the situation in experimental nephro- 
sis and that seen in phlorizin glycosuria. In both situations, a specific 
renal lesion results in the loss of potential energy-yielding substances in the 
urine; each is attended by lowered carbohydrate stores. Thus, experi- 
mental nephrosis can be looked upon as a “protein diabetes.”” The pat- 
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tern of events in the ‘‘protein diabetes” of experimental nephrosis may be 
pictured as follows: the uncontrolled loss of albumin in the urine leads the 
body to direct its metabolic efforts to a greatly increased fabrication of 
protein in the liver and perhaps other tissues. This is an adjustment of 
desperation, and since the protein cannot be retained, it is an ‘“‘unwise” 
process, much like the production of glucose in diabetes mellitus. The 
metabolic channeling of amino acids into the acceleration of protein syn- 
thesis depletes the store of carbohydrate. Under these circumstances, as 
in diabetes mellitus, the demands for cellular energy must be covered by 
fat. The metabolism of lipides in nephrosis will be considered in Paper 
II (4). 


SUMMARY 


Protein and carbohydrate metabolism has been investigated in the ex- 
perimental nephrotic state produced by the injection of rabbit anti-rat 
kidney serum into rats. Following the injection of glycine-2-C™, serum, 
liver, kidney, and urinary protein, but not heart protein, were more highly 
labeled in the nephrotic rats. In addition, the rate of decline in the spe- 
cific activity of these proteins was accelerated in the nephrotic rats. These 
findings indicate an increased turnover of body protein in nephrosis. Jn 
vitro, liver slices from the nephrotic rats showed an increased incorporation 
of labeled glycine into the proteins and an increased oxidation of glycine 
to COs, indicating an acceleration of amino acid metabolism. 

The experimental nephrotic state was found also to be accompanied by 
a marked decrease in the level of liver glycogen. Fasting hypoglycemia 
was demonstrated. The significance of these new findings has been dis- 


cussed. 


Addendum—After this manuscript was written, the work of Ulrich, Tarver, and 
Li (24) appeared, in which the replacement rate of serum albumin was measured in 
the rat. The rate of replacement of serum albumin in the normal rat weighing 80 
gm., calculated from their data, was 117 mg. per day. Under the influence of 
growth hormone, the highest rate observed was 3 times normal, or 350 mg. This 
figure is of the order of magnitude of the urinary albumin excretion of the neph- 
rotic rats in the present study and suggests that such rats synthesize albumin at a 
rate approaching maximal capacity. 

The authors wish to express their thanks to Dr. William E. Ehrich and 
the Wyeth Institute of Applied Biochemistry for their generous gift of 
nephrotic rats used in our earlier experiments, and to Dr. Ehrich for his 
stimulating work, which led us to undertake these studies. We also wish 
to thank Mrs. Karen I. Miller for technical assistance. 
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METABOLIC CHANNELING IN EXPERIMENTAL NEPHROSIS 
II. LIPIDE METABOLISM* 


By JULIAN B. MARSHf ano DAVID L. DRABKIN 


(From the Department of Physiological Chemistry, the Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 30, 1954) 


The etiology of the hyperlipemia which has long been known to accom- 
pany the nephrotic syndrome (1) has not been clearly established. The 
suggestion that it is related to a hypothyroid state (2) has not been sub- 
stantiated (3). The ability to utilize fats is not impaired in human ne- 
phrosis (4). Peters and Van Slyke (5) and Soshea and Farnsworth (6), 
who have considered this problem, conclude that the most probable ex- 
planation of the phenomenon lies in the area of lipide mobilization. Re- 
cent advances in our knowledge of lipide metabolism and the availability 
of an experimental nephrosis in the rat (7) prompted us to reexamine this 
question. The results which we have obtained indicate that the hyper- 
lipemia of experimental nephrosis is a transport lipidemia, t.e. mobilization 
of fat and cholesterol from storage sites, in response to a need for fat as a 
source of energy. 


Methods 


The rats used in this study, their diet, and the method of producing 
nephrosis are described in Paper I (8). Cholesterol and fatty acids were 
isolated from tissues by a slight modification of the technique of Kaplan 
and Chaikoff (9). The ethyl ether extract containing the non-saponifiable 
lipides was evaporated to dryness and redissolved in 1:1 acetone-ethanol. 
Cholesterol was precipitated by the method of Sperry and Webb (10). 
The digitonide was dissolved in glacial acetic acid. Aliquots of this solu- 
tion were taken for measurement of cholesterol content (10). In experi- 
ments in which acetate-1-C'™ was employed, separate aliquots were evapo- 
rated in | inch steel cups and assayed for radioactivity with a windowless 
flow counter. All counts were made at infinite thinness and were suffi- 
ciently long to reduce the statistical error to +2 per cent. Fatty acids 


* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. 
Partial financial support was also obtained from the George W. Raiziss Research 
Fund in Biochemistry. 

t Fellow of the George W. Raiziss Research Fund in Biochemistry. 
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were determined by evaporating and weighing the petroleum ether extract, 
after suitable washing with 1 per cent acetic acid to remove possible con- 
tamination with labeled acetate. Assay for radioactivity was performed 
by direct plating of the fatty acids in the 1 inch steel cups. Counts were 
expressed on a basis of an infinitely tiun layer, with an appropriate self- 
absorption correction. Total body fatty acids were determined by hydro- 
lyzing the whole rat in 2 volumes of 30 per cent NaOQH-66 per cent ethanol 
for 12 hours. Fatty acids and cholesterol were isolated and measured as 
described above. 


RESULTS AND DISCUSSION 


The hyperlipemia of the nephrotic rats in the present investigation is 
evident from the data of Table I. The rise in blood cholesterol and total 


TaB_e I 
Serum Cholesterol and Total Lipide in Control and Nephrotic Rats 
: . Total serum No. of Total serum No. of 
Type of animal chalestesel experiments lipides* experiments 
me. per cent meg. per cent 
77 11 460 4 


Nephrotie........ 337 7 1370 3 


* The acetone-ethanol extract of serum prepared by the Sperry-Webb method 
(10) was evaporated to dryness and the petroleum-ether soluble material extracted 
and weighed to determine total lipide. 


lipide may be accounted for theoretically in at least four different ways: 
(1) There may be an increase in the rate of cholesterol and fatty acid syn- 
thesis by those tissues normally responsible for these processes. (2) The 
rate of cholesterol and fatty acid degradation may be diminished. (3) The 
dietary intake of these substances may be increased. (4) Mobilization of 
cholesterol and fat from storage sites may occur. 

Owing to the character of the ration (8), the dietary influence may be 
safely eliminated from consideration. Should one of the first two mecha- 
nisms prove to be operative in causing the hyperlipemia of nephrosis, the 
total body content of cholesterol and fatty acids would increase. If mech- 
anism (4) is correct, total body cholesterol and fatty acids would remain 
constant or even diminish if the rate of utilization of either of these com- 
pounds was increased. 

Relevant data were secured by labeling studies of the incorporation in 
vitro of acetate-1-C™ into the cholesterol and fatty acids of the kidney and 
liver (Tables II and II]) and by quantitative determination of the body’s 
total cholesterol and total fatty acid content (Tables IV and V). 
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The liver appears to be the chief source of blood cholesterol in the normal 
animal (11), while the possibility that the damaged nephrotic kidney might 
somehow deliver excess quantities of cholesterol and fatty acids into the 


TaBLe II 


Labeling of Fatty Acids and Cholesterol with Acetate-1-C™ in Kidney Slices from 
Control and Nephrotic Rats* 


Type of animal Cholesterol specific activity Fatty acids specific activity 
meg. per em. dry weight ¢.p.m. per mg. meg. per gm. dry weight c.p.m. per mg. 
Control. .... 7.15 0.985 268 + 33.7 (6) 127.5 + 12.0 (6) 210 + 24.4 (6) 


Nephrotic... 13.15 + 2.24¢ (4) 263 + 126.5 (4) 159 + 11.0 (4) 228 + 41.4 (4) 

*1 gm. of wet weight of kidney slices was incubated for 1 hour at 37° in 10 ml. of 
medium of the following composition (millimoles per liter): KC] 30, NasHPO, 40, 
NaH,PO, 60, MgCl, 2.0; pH 6.5; gas phase 5 per cent CO.-95 per cent O». This is 
similar to the medium used by Curran and Clute (12). The acetate concentration 
in all cases was 25 mg. per gm. of wet weight of tissue. 

t The values in parentheses represent the number of experiments. 

t Significantly different from the mean value for the control rats (P <0.05). 


TaBLe III 


Labeling of Fatty Acids and Cholesterol with Acetate-1-C™ in Liver Slices from Control 
and Nephrotic Rats* 


Cholesterol ; Fatty acid 
Type of animal Cholesterol specific activityt seivitet Fatty acid Pan canal 
per meg. C. p.m. per mg. c.p.m. per mg. 
Control 8.31 + 0.209 129,600 21,600 127.5 1250 
(8)§ +25,800 (6) +3470 (6) +14.2 (6) +326 (6) 
Nephrotic 12.08 + 1.30! 15,400 4,460 117.0 | 172 
(7) +9600) (3) +2250) (4) +20.2 (4) +65! (4) 


* Incubation procedure as in Table IT. 

+ 0.25 mg. of acetate per gm. of wet weight of tissue. 

{25 mg. of acetate per gm. of wet weight of tissue. 

§ The numbers in parentheses represent the number of experiments. 

| Significantly different from the mean value for the control rats, as judged by 
P <0.01. 


blood should not be overlooked. The results presented in Table II indi- 

cate that no increase in the rate of cholesterol or fatty acid synthesis could 
be demonstrated in kidney tissue. On the other hand, in the liver (Table 
II1), striking diminution in the rate of incorporation of labeled acetate 
into cholesterol and fatty acids was observed. These decreases cannot be 
explained by comparable increases in the size of the tissue pools of acetate, 
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cholesterol, or fatty acids. The cholesterol content of the liver was in- 
creased by only 45 per cent, and there was no increase in this tissue’s fatty 
acid content, while the incorporation of acetate into cholesterol and fatty 
acids was decreased by approximately 85 per cent. Since raising the con- 
centration of acetate in the medium 100-fold did not appreciably change 
the relative labeling of the liver cholesterol, an increase in the size of the 
acetate pool in the liver of the nephrotic rats may be ruled out as an ex- 
planation for the decrease in cholesterol and fatty acid labeling. 

In the case of cholesterol, the liver appears to be responding to the high 
level of blood cholesterol by a curtailment of cholesterol synthesis, precisely 
as in the cholesterol feeding experiments reported by Gould and Taylor 
(13). Under these circumstances there is also an increase in the choles- 
terol content of the liver (Frantz et al. (14)). In our experiments the 
decrease in the rate of cholesterol synthesis had a closer inverse propor- 
tionality to the content of cholesterol in the liver than in the blood, in 
agreement with Frantz et al. (14). The constancy of the cholesterol con- 
tent of the normal liver (see the s.e.m. in Table III) is extraordinary and 
suggests that a structural component of the tissue is being measured. The 
experiments of Rice and his colleagues (15) suggest that the excess choles- 
terol present in the liver with a rise in blood cholesterol may not have the 
same intracellular distribution as that present at normal blood levels of 
the steroid. 

The diminished labeling of fatty acids in the liver of the nephrotic rats 
is probably related to their low glycogen content, reported in Paper I (8). 
Haugaard and Stadie (16) have demonstrated a direct relationship be- 
tween liver glycogen content and the degree of labeling of fatty acids with 
C'-acetate in vitro. No such relationship has been found for the labeling 
of cholesterol. 

In view of the diminished carbohydrate stores and potential hypogly- 
cemia in nephrosis, discussed in Paper I (8), it appeared likely that an 
increased demand for fat as a source of metabolic energy would result in 
a mobilization of fat and cholesterol from storage sites (mechanism (4)). 
Fat mobilization is the usual sequel of carbohydrate or energy hunger. <A 
rise in serum cholesterol generally accompanies a rise in serum lipides and 
is probably related to the réle of cholesterol in the transport of fatty acids 
as cholesterol esters. If mobilization of fat and cholesterol occurs in ne- 
phrosis, the concentration of these substances in the blood should rise and 
the concentration in the remainder of the body should fall. 

The data presented in Table IV indicate that, while the concentration 
of cholesterol in blood, liver, and kidney is increased in nephrosis, the 
concentration of this substance in the remainder of the body is correspond- 
ingly decreased and the total amount of cholesterol in the body remains 
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relatively constant. This constitutes direct evidence for a transport lip- 
emia and hypercholesterolemia. The tissue source of this readily mo- 
bilizable cholesterol is at present unknown. We have found the cholesterol 


IV 
Total Body Cholesterol in Control and Nephrotic Rats 
The results are in per cent of whole body dry weight.* 


Total cholesterol i 
Type of animal body minus blood, | | Total body cholesterol 
Oentees.........] 7 | 0.739 + 0.0162 | 0.0646 + 0.0035 | 0.809 + 0.0161 
Nephrotic...... | 3 | 0.687 + 0.0116f 0.1385 + 0.0058f | 0.824 + 0.0068 


* Dry weight was not obtained for the whole body, since the wet tissues were 
employed directly for the analyses. As a means of correcting for the edema present 
in the nephrotic rats, the assumption was made that the wet to dry ratio found in 
liver slices approximated that for the body as a whole. The values obtained for the 
control rats on a basis of a percentage of the wet weight were multiplied by 3.54, the 
wet to dry ratio found for liver slices, while the values for the nephrotic rats were 
multiplied by the corresponding figure of 4.00. An alternative way of comparing 
the data obtained from the control and nephrotic rats would be to assume that the 
weight gain of the nephrotic rats after the 2nd day of the disease, when proteinuria 
is severe, represented only the accumulation of edema. The results for the nephrotic 
rats might then be expressed as per cent of wet body weight on the 2nd day after the 
injection of antikidney serum and might be compared with those for the control rats 
at the time of sacrifice. Such calculations, when applied to the above data, yielded 
results which were indistinguishable from those given above (when multiplied by the 
normal value for the wet to dry ratio of liver slices for purposes of comparison). 

t Significantly different from the mean value for the control rats (P <0.05). 

t Significantly different from the mean value for the control rats (P <0.001). 


TABLE V 
Total Body Fatty Acids in Control and Nephrotic Rats 


Total body fatty acids, 


Type of animal No. of experiments per cent of whole body S.e.m. 
dry weight* 


* See the corresponding foot-note to Table LV. 

t Significantly different from the mean value for control animals (P <0.05). 
content of adipose tissue itself to be quite low, averaging 85 mg. per cent. 
It is unlikely, therefore, that the adipose tissue is a significant source of 
this mobilized cholesterol. 

A diminution in total body fatty acids in nephrosis is evident from the 
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data of Table V. While the number of experiments is small, there is cer- 
tainly no rise in total body fat, as would be expected if, in nephrosis, over- 
production or increased absorption of fat was the cause of the hyperlipe- 
mia. Our data support the view that the nephrotic rat is mobilizing body 
fat for use as a source of metabolic energy. 

In a recent paper (17), it has been reported that the plasma of nephrotic 
rats contains a factor which opposes the action of agents that will reduce 


PROTEIN IN URINE FAT STORES 
(Albuminu ria ) 
“Os BLOOD wo® 
ot PHypoproteinemi 
Hyperlipemia 
H ypercholesterolemia 
Potential Hypoglycemia 
LIVER 


\ 
‘protein synthesis increased 


—> Glycogen decreased 
Fatty acid synthesis decreased 
Cholesterol synthesis decreased& 


Fic. 1. The body’s adjustment, through metabolic channeling, to ‘“‘protein dia- 
betes’? (uncontrolled loss of protein or protein siphoning into the urine). All the 
body’s resources appear to be directed or channeled into increased protein synthesis, 
a process which is as desperate and extravagant as is the production of glucose in 
diabetes mellitus. Gluconeogenesis from protein would appear to be disfavored; 
potential or frank hypoglycemia and low liver glycogen are important concomitants. 
Fat is mobilized for energy needs in this situation much as it is in the familiar dia- 
betic state. 


the turbidity of lipemic sera in vitro. The presence of this “anticlearing 
factor” in the serum of nephrotic rats does not appear to us to oppose the 
concept that the lipemia of nephrosis is essentially a transport lipemia. 
Our conclusions concerning the integration of protein, carbohydrate, and 
fat metabolism in experimental nephrosis are summarized in Fig. 1 and its 
legend. 


SUMMARY 


Cholesterol and fatty acid metabolism have been studied in experi- 
mentally nephrotic rats in an attempt to elucidate the mechanism of the 
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hyperlipemia which accompanies this condition. It was found that the 
incorporation of acetate-1-C™ into cholesterol and fatty acids in vitro was 
greatly diminished in nephrotic rat liver and unchanged in nephrotic rat 
kidney. In the case of cholesterol, the liver of the nephrotic rat responds 
to the high level of serum cholesterol by a diminution in the rate of cho- 
lesterol synthesis. This behavior appears to be analogous to that pre- 
viously observed with the feeding of cholesterol. The diminished incor- 
poration of acetate into liver fatty acids is related to the low level of liver 
glycogen in the nephrotic rat. 

Direct evidence for mobilization of fat and cholesterol was obtained by 
the estimation of the total body fatty acids and cholesterol. The choles- 
terol content of the blood, liver, and kidney of the nephrotic rats was 
increased, and a corresponding decrease in cholesterol in the remainder of 
the body was found. <A 37 per cent reduction in total body fatty acids 
indicated that the hyperlipemia of the nephrotic rat is essentially a mobil- 
ization lipidemia. Fat is transported from body stores to be used for 
energy. 

The integration of protein, carbohydrate, and fat metabolism in the 
experimental nephrotic state has been discussed. 


We wish to thank Mrs. Karen L. Miller for technical assistance. 
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NUCLEOTIDE UTILIZATION BY ESCHERICHIA COLI* 


By M. KARL BALIS, CYNTHIA T. LARK, ann DENISE LUZZATIt 


(From the Laboratories of the Sloan-Kettering Division of Cornell University 
Medical College, New York, New York) 


(Received for publication, June 30, 1954) 


The utilization by the rat of yeast nucleotides labeled distinctively in 
the purine, sugar, and phosphate has been studied by Roll et al. (1, 2). 
They found that the purines of the 2’ and 3’ isomers of the purine nucleo- 
tides were both used to the same extent, but incorporation of the intact 
nucleotides was not observed. The ability of certain microorganisms to 
utilize efficiently the purine moieties of the 3’ isomers of guanylic and 
adenylic acids has been demonstrated (3, 4). The inability of the 2’ 
isomers to serve in the same manner has also been noted. We have investi- 
gated the utilization of the purine moiety and the phosphorus by micro- 
organisms. Strains of Escherichia coli were used, and it was found that 
incorporation of the purine ring into the nucleic acid is accompanied or 
preceded by liberation of the phosphate. 


EXPERIMENTAL 


The glycine-2-C™ was obtained from Tracerlab, Inc. The isomeric 
adenylic acids and guanylic acids labeled with C' in position 8 or with 
P® were obtained from Dr. Herbert Weinfeld of this laboratory, who 
prepared them biosynthetically from yeast (1). The bacteria were grown 
in the glucose-salts medium of Gray and Tatum (5), modified by the 
omission of asparagine. The seed cultures were prepared by first growing 
the bacteria overnight on agar slants and then twice in the liquid medium 
used in the actual experiment. Washed saline suspensions of the bacteria 
were then added to the medium contained in Erlenmeyer flasks. The 
flasks were aerated vigorously. 

FE. coli W74 is a mutant of FL. coli B, requiring either histidine or a purine. 
This organism was obtained from Dr. E. Witkin. Its nutritional responses 
have been described (6). 

The bacteria were grown for 16 hours, washed with cold trichloroacetic 
acid, defatted with alcohol and ether, and hydrolyzed with 1 ml. of 1 N 
NaOH per 180 mg. of bacterial residue. 

* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, grant No. C-471, 
and from the Atomic Energy Commission, contract No. AT(30-1)-910. 

t Visiting Fellow. Present address, Centre de Recherches sur les Macromolecules, 
3, Rue de Université, Strasbourg (Bas-Rhin), France. 
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For the isolation of the purines, the alkali-degraded PNA! was separated 
from the DNA by acidification of the alkaline solution with HCI, followed 
by the addition of 1.5 volumes of ethyl alcohol. The DNA was removed 
by centrifugation and the supernatant solution containing the PNA frag- 
ments made | N with respect to sulfuric acid. The solution was heated 
at about 100° for 1 hour to hydrolyze the purine nucleotides. The purines 
were precipitated as silver salts, the free purines regenerated and then 
separated by paper chromatography, and the radioactivities determined 
as previously described (7, 8). 

In the instances in which the PNA nucleotides were assayed, the sodium 
hydroxide hydrolysate was neutralized by the addition of a cation exchange 
(Dowex 50, H* form) resin (9)... A small amount of hydrochloric acid was 
then added to bring the pH to about 3. 1.5 volumes of alcohol were 
added, and, after the mixture was chilled, the DNA and _ protein were 
removed by centrifugation. The volume of the supernatant solution was 
reduced by evaporation in a stream of nitrogen. The volume was reduced 
so that an amount convenient for paper ionophoresis (about 5 to 10 ul.) 
contained about 8 to 10 optical density units (optical density at 260 uw X the 
volume in ml.). The solution was placed on a strip of Whatman No. 3 
MM filter paper, 1.5 inches wide and 45 inches long. The paper was pre- 
viously wet with 0.05 Mm ammonium formate adjusted to pH 3.6, and the 
excess buffer was removed by blotting (10). The paper was suspended in 
earbon tetrachloride as described by Markham and Smith (10), and a po- 
tential of 1000 volts was applied across the paper for 5 hours. The nucleo- 
tides were eluted from the paper with water, their concentrations and 
purity determined by ultraviolet absorption, and then plated on aluminum 
planchets. 

All materials were assayed for radioactivity in films thin enough so that 
self-absorption could be ignored. Activities were determined with an 
internal Geiger-Miiller flow counter (Radiation Counter Laboratories, 
mark 12, model 1, helium-isobutane gas). The activities of the carbon- 
labeled materials were determined to within standard errors of less than 5 
per cent (11). The activity of the P®-containing nucleotides was deter- 
mined with a standard error of 10 per cent or less (11). No coincidence 
corrections were necessary. Activities are reported as relative specific 
activities (R.S. A.). 


¢.p.m. per mole isolated compound 


R.S. A. = 
¢.p.m. per mole starting compound 


‘The following abbreviations have been used: PNA = pentose nucleic acid; 
DNA = deoxypentose nucleic acid; AMP-2’ = adenosine-2’-phosphate; AMP-3’ = 
adenosine-3’-phosphate; GMP-2’ = guanosine-2’-phosphate; GMP-3’ = guanosine- 
3’-phosphate. 
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RESULTS AND DISCUSSION 


The incorporation of 2’- and 3’-adenylic acids was determined indirectly 
by measuring their ability to decrease the incorporation of glycine-2-C™. 
The radioactivities of the nucleic acid purines isolated from bacteria 
grown in the presence of the substrate under study plus glycine-2-C™ were 
compared with the activities obtained when the organism was grown with 
glycine alone (7, 12). In the experiments with LF. coli W74 no purine was 
required, since enough histidine was present to permit maximal growth. 


_ This histidine was necessary, since AMP-2’ alone will not support growth. 


It was included in the medium with each isomer to give a suitable basis 


TABLE I 


Utilization of Adenylic Acids for PNA Synthesis 
The medium was 1.5 X 10-4 mM with respect to the added substrates. 


Per cent PNA purine derived 
from substrate 
Strain of E. coli Substrate 
Adenine Guanine 
B | AMP-2’ o* o* 
| AMP-3’ 66* 50* 
W774 | AMP-2’ + histidine 3* 0* 
| AMP-3’ + =“ 97* 95* 
AMP-3’t + | 87 | 7 


*100 — (R. 8. A. of isolated material)/(R. 8. A. of isolated material of control) 
xX 100, where the control differs only in having no adenylic acid. The medium con- 
tained 20 y per ml. (2.7 X 10-4 mM) of glycine-2-C™. 

+t The nucleotides were labeled with C4 in the 8 position. 


for comparison. ‘The results (Table I) show that the purine moiety of the 
AMP-3’ can be well utilized for the synthesis of PNA purines. 

The results for /. coli were confirmed directly by the use of adenylic 
acid labeled with C' in position 8 of the purine ring (Table I). Glycine- 
2-C' would be expected to label positions 2, 5, and 8 (13), and the exog- 
enous purine is labeled only in position 8. The fact that similar values 
are obtained in both cases suggests, by the reasoning indicated in work 
with Lactobacillus casei (7), that the purine ring is utilized intact. 

To determine whether the entire ribotide might be utilized, nucleo- 
tides labeled with P® were employed. The labeled adenylic acids were 
diluted with the respective unlabeled isomers to obtain enough material 
for several experiments. Since unlabeled samples of the individual isomers 
of the guanylic acids were not available for diluting, only one experiment 
could be run with each of the guanylic isomers. The results (Table I1) 
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show no specific utilization of the phosphorus of the proffered nucleotides. 
There was negligible incorporation of the phosphate of the 2’ isomers, 
which can be correlated with the results with the purine-labeled com- 
pounds as well as with the fact that there appears to be little or no 2’- 
phosphatase in EF. coli, although there is a 3’-phosphatase (14). Perhaps 
the phosphate moiety in the 3’ isomers permits the transport of the mole- 
cule across cellular membranes and brings it to a locus where it can be 
converted to a derivative which can be utilized for nucleic acid synthesis. 
The phosphate liberated mixes with the phosphate available from the 
medium and is utilized non-specifically, resulting in a nucleic acid with all 


TABLE II 
Utilization of P** of Nucleotides for Nucleic Acid Synthesis 
Relative specific activity 
Strain of E. coli Substrate PNA nucleotides* 
Adenylic | Guanylic | Cytidylic | Uridylic 
acid acid aci acid 
AM P-2’¢ + histidine —-0..05 0.05 0.05 0.05 0.05 
“ AMP-3’ft + | 0.4 0.15 . 0.14 0.16 0.24 
AMP-3’t | 0.4 0.19 0.13 0.1 
B AMP-2’t | 0.05 0.05 0.05 0.05 
os AMP-3’ | Se 0.13 0.2 | 0.18 | 0.2 
GMP-2’§ 
as GMP-3’§ | O.17 | O.3 0.15 | 0.1 
* In all cases the activities are those of the mixed 2’ and 3’ isomers. 
71.13 10-4 Mo. 
2.25 10-4 M. 
§ 1.5 10-4 Mm. 


phosphates labeled to a small extent. On the basis of this information it 
is difficult to determine whether or not ribosides are intermediates in this 
sequence of reactions. Adenosine is well utilized by FH. coli,2 but with 
L. casei all ribosides are less extensively utilized than are the 3/’-ribotides 
(3). The patterns of interconversion of the purine moieties are quite 
different; hence simple dephosphorylation is not necessarily a major step 
in the process of incorporation of the purine moieties of the ribotides,*® and 
a mechanism which does not invoke this explanation is of more general 
applicability. 

? Balis, M. E., Levin, D. H., and Guthrie, R., unpublished data. 

4Similar observations with phosphorus-labeled nucleotides were made by Rose 


and Carter (15). These authors did not use purine-labeled compounds, thus making 
extensive comparison of our data difficult. 
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In view of the observations discussed here and the results obtained in 
the rat (1, 2), it appears that ribotides serve for at least the efficient trans- 
port of certain heterocyclic bases. Their bases are in equilibrium with 
actual intermediates in nucleic acid synthesis. If the ribotides are true 
intermediates in nucleic acid synthesis, as has been suggested (3), then the 
purine and ribose phosphate moieties of the 3’-ribotides must be in rapid 
equilibrium with other sources of each entity, the nucleotide intermediates 
in equilibrium with these pools, and the ribose phosphate also in equilib- 
rium with inorganic phosphate. Such a hypothesis is consistent with the 
known facts and, though not a unique explanation, does permit an inter- 
pretation applicable to more than one species. 


SUMMARY 


The incorporation of the phosphate and purine moieties of yeast adenylic 
and guanylic acids into the nucleic acid of /scherichia coli has been deter- 
mined. The purines of the 3’ isomers but not of the 2’ isomers were well 
utilized. The phosphorus was used non-specifically from the 3’ isomers, 
and to a negligible degree from the 2’ isomers. 


The authors are indebted to George Bosworth Brown for his continued 
interest and advice. 
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PURINE METABOLISM IN BACTERIA 


Ill. ACCUMULATION OF A NEW PENTOSE-CONTAINING ARYLAMINE 
BY A PURINE-REQUIRING MUTANT OF ESCHERICHIA COLI 


By SAMUEL H. LOVE* ano JOSEPH 8S. GOTS 


(From the Department of Microbiology, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 9, 1954) 


Some purine-requiring mutants of /’scherichia coli are known to accumu- 
late 4-amino-5-imidazolecarboxamide (AICA) in the form of a pentose 
derivative (1, 2). In examining other purine-requiring mutants of F. colli, 
one was found (strain W-11) which accumulated a non-acetylatable, di- 
azotizable amine whose ultraviolet absorption spectrum and diazo chro- 
mogen spectrum were different from those of AICA. This amine was also 
associated with a pentose. This investigation represents a preliminary 
study of the réle of this diazotizable amine in purine metabolism via the 
synthesis of AICA. 


Materials and Methods 


Organisms—Strain B-96, a purine-requiring mutant derived from E. colt, 
strain B, was used to study AICA synthesis. Non-proliferating cell sus- 
pensions were used as previously described (3). 

Strain W-11, a purineless mutant of /. coli K-12, was obtained through 
the courtesy of J. Lederberg. This mutant was originally isolated at Yale 
University from a biotin-requiring mutant (strain 58) of K-12 and has been 
recorded there as strain 58-5273. The culture as received by us no longer 
exhibited a requirement for biotin. Its purine demands were non-dis- 
criminating in that any purine (adenine, guanine, hypoxanthine, xanthine, 
or isoguanine) could support its growth. Optimal amine production was 
obtained by growth of the mutant with vigorous aeration in a salts-glucose 
medium (4) containing a suboptimal concentration of hypoxanthine (5 y 
per ml.). All measurements were made on culture fluid after the cells 
were removed by centrifugation. 

Methods—AICA and the new amine were routinely measured as diazo- 
tizable amine by the Bratton-Marshall method (5). Pentoses were meas- 
ured by the orcinol method as described by Drury (6). Imidazoles were 
separated and detected via the Pauly reaction on paper chromatograms by 
the Ames and Mitchell method (7), with Schleicher and Schuell No. 597 


* Present address, Division of Biochemistry, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts. 
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paper with propanol-0.2 n NH; (3:1) as the solvent. Whatman paper pulp 
(ashless) was employed for column chromatograms. 

Spectra were obtained with the aid of a Beckman spectrophotometer, 
model DU. A Klett-Summerson colorimeter with a No. 540 filter was 
_used to measure the diazo dye produced with the Bratton-Marshall test. 
A Mineralight lamp aided in detecting substances on the paper chromato- 
grams. 


Results 


The properties summarized in Table I indicate that the amine produced 
by strain W-11 is different from the known amine (AICA) which is produced 
by strain B-96. The accumulation of the amine by strain W-11 was 


TABLE I 


Comparison of E. coli W-11 Amine with 4-Amino-5-imidazolecarboramide (AICA) and 
Its Riboside (AICA-r) 


Properties AICA | AICA-+ W-11 amine 
Ultraviolet absorption (maximal, mp)............. «(267 267 300 
Diazo dye absorption (maximal, mp)............. | 540 540 500 


* Chromatographic results obtained with Schleicher and Schuell No. 597 paper 
with propanol-0.2 Nn NH; (3:1) as the solvent. 
We are grateful to Dr. G. R. Greenberg for a sample of AICA-riboside. 


associated with the occurrence of a brownish yellow pigment in its culture 
fluid. A similar pigment has been described in another purineless mutant 
of EF. coli, strain 9661-01 (8). This mutant was obtained through the 
courtesy of Dr. Guthrie, and an examination of its culture fluid also showed 
the presence of a diazotizable amine whose spectral properties resembled 
that of the W-11 amine. 

Optimal amine production by strain W-11 occurred under conditions of 
limited growth response as provided by suboptimal purine supplementation 
of the salts-glucose media. When the purine concentration was such as to 
give optimal growth (20 y per ml.), accumulation was depressed. This 
was also true for the accumulation of AICA by strain B-96 (1). Indeed, 
many of the factors which have been shown to influence the formation of 
AICA by mutant B-96 were the same as those which influence the produc- 
tion of the new amine by strain W-11. For example, aeration or additions 
of glycine, glycine plus glutamic acid, or casein hydrolysate increased the 
yield. The effects of added casein hydrolysate and aeration on amine 
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production by strain W-11 are shown in Table II. Aeration increased the 
yield in both systems, but it is of interest to note that, whereas casein hy- 
drolysate was stimulatory in the non-aerated system, it suppressed the 
yield obtained by aeration. 

Production of AICA by non-proliferating cell suspensions of strain B-96 
has been described (3). | When washed cell suspensions of strain W-11 were 
similarly prepared from growth in tryptose broth, little or no production 
of the amine could be demonstrated in a non-proliferating environment. 
Significant activity of non-proliferating cells could be obtained only by pre- 
paring the cell suspensions from growth in the synthetic medium contain- 
ing a suboptimal supply of a purine base. Results are shown in Fig. 1 for 
cell suspensions obtained by growth in the synthetic medium, centrifuging, 
washing with saline, and resuspending in the synthetic medium to a final 


TABLE II 
Effects of Casein Hydrolysate and Aeration on Amine Production by E. coli W-11 


Amine production*® 


SG-Hx media plus 


3 Aerated | Non-aerated 
Casein hydrolysate (0.1%)...............) 192 | 106 


Salts-glucose media containing hypoxanthine (5 y per ml.). 

* Amine production measured as Klett reading obtained after diazotization of 1 
ml. of supernatant solution from cultures grown 18 hours at 37°. Aeration obtained 
with roller tube mechanism. 


concentration of 0.5 mg. of cells per ml. In the absence of added purines 
the organisms remained quiescent with respect to growth but amine pro- 
duction progressed rapidly at a rate linear with time. It can also be seen 
in Fig. 1 that hypoxanthine which converted the non-proliferating system 
into a slowly growing one brought about a 90 per cent reduction in the rate 
of accumulation. This also serves to show that the amine is not a result 
of hypoxanthine degradation. This phenomenon of a direct inhibition of 
an accumulated substance by a metabolite required for the growth of a 
mutant is also true for AICA accumulation by strain B-96 (9). 

When washed cell suspensions of strain B-96 were suspended in the 
supernatant fluid of W-11 with added glucose (0.02 mM), the maximal ab- 
sorption of the diazo dye changed from 500 my to that of AICA, 540 mug, 
after an incubation period of 3 hours. In the absence of glucose this change 
did not occur. The original supernatant fluid of strain W-11 was streaked 
on paper and a chromatogram prepared with the propanol-NH; solvent. 
The new amine was localized as a fluorescent streak (Rr 0.60) which gave 
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the characteristic ultraviolet spectrum (300 my peak), a yellow color with 
the imidazole reagents, a positive pentose test, and a diazotizable amine 
with the Bratton-Marshall test with the diazo dye with a 500 my absorption 
peak. The paper chromatogram was cut into sections at increasing PR, 
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Fic. 1. Amine production by strain W-11. W-11 organisms previously grown in 
a salts-glucose medium, centrifuged, washed, and resuspended (0.5 mg. per ml.) in 
SG medium with and without hypoxanthine (5 y per ml.). Incubated at 37° with 
vigorous aeration. Aliquots taken at time intervals indicated. Klett readings (540 
my filter) obtained after diazotization of 1 ml. of aliquot of the supernatant solu- 
tions. 

Fic. 2. Effect of chromatographic eluates of strain W-11 supernatant solution on 
AICA formation by strain B-96. The systems contained eluates of successive Ip 
levels from the chromatogram of W-11 supernatant solution, glucose (0.01 m), B-96 
cells (0.5 mg. per ml.), in M/15 phosphate buffer at pH 7.2. The mixtures were incu- 
bated at 37° for 3 hours. AICA was determined by the ultraviolet spectrum and the 
spectrum of diazo dye. 


levels and eluted in phosphate buffer (pH 7.2). Suspensions of strain B-96 
(0.5 mg. per ml.) were made in these eluates and glucose (0.01 mM) was 
added. The maximal production of ATCA, as measured by characteristic 
absorption spectra and as shown in Fig. 2, occurred in the eluate that 
corresponded to the location of the new amine. 

The production of an amine resembling AICA by the eluates obtained 
from the lower Ry portions of the chromatogram may be due to the pres- 
ence of inorganic or some other nitrogen source. In order to rule out the 
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possibility of de novo synthesis from any residual inorganic nitrogen that 
might have been present at the level of the new amine, the ultraviolet spec- 
trum and the spectrum of the diazo dye were measured before and after the 
action of B-96 organisms on the eluate (R, 0.60). LF. coli B (wild type) 
suspensions were also made in the corresponding eluate. Fig. 3, A shows 
that the maximal ultraviolet absorption changed from 300 my at O hour 
to 267 my after 2 hours incubation with strain B-96. This latter curve is 
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Fig. 3. Conversion of strain W-11 amine to AICA by B-96. The system contained 
eluates (Rp 0.60) from chromatogram as described in Fig. 2. The system containing 
E. coli B (wild type) contained an equivalent amount of cells (0.5 mg. per ml.). A, 
ultraviolet absorption spectra before action of B-96 cells on W-11 supernatant (O); 
after 2 hours (X), and after action of E. coli B wild type cells (A). B, the same for 
absorption spectra of dye formed after diazotization and coupling. 


indistinguishable from that given by AICA. The maximal absorption of 
the diazo dye produced from the same supernatant fluid (Fig. 3, B) changed 
from 500 my at 0 hour to 540 my at 2 hours. The wild type was not able 
to cause this conversion but there was a 25 per cent disappearance as ex- 
pressed by the decrease in absorption. Under the same conditions, cell- 
free extracts of B-96 prepared by sonic vibration were unable to cause a 
conversion. An increased absorption at 280 my was noted but this was not 
further characterized. 

Attempts to obtain the new amine produced by strain W-11 on a rela- 
tively pure and larger scale were made with the aid of a paper pulp column 
chromatogram. The Ames-Mitchell solvent was used as before. The elu- 
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ates were collected in fractions and measured for the presence of a 300 mu 
absorption peak, diazotizable amine, pentose, and phosphate. The fact 
that the fractions containing the diazotizable amine and pentose coincide, 
whereas there is a displacement of the 300 my absorbing material, is il- 
lustrated in Fig.4. Fractions were obtained that gave the 300 my absorp- 
tion and not the Bratton-Marshall and pentose tests. All fractions that 
were positive for the Bratton-Marshall reaction and pentose tests were also 
positive for the 300 my absorption. The determination of phosphate was 
hampered by the presence of residual phosphate in all fractions. 
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PAPER COLUMN ELUATES 
Fic. 4. Paper pulp column fractionation of the new amine. W-11 organisms grown 
in a salts-glucose medium; supernatant fluid (100 ml.) used for chromatography. 
Whatman paper pulp (ashless) was packed into a column (25 X 2 cm.) for chroma- 
tography with propanol-0.2 n NH; (3:1) as the solvent; 30 ml. fractions collected 
and measured for pentose, diazotizable amine (B. M.), and 300 my absorption. 


Due to the lability of the new amine to acid and heat treatment, no satis- 
factory method of purification has been accomplished. It was possible to 
form silver and mercury salts of the amine; it absorbs to cation exchange 
resins such as Dowex 50 (H+ form), but not to anion exchangers (Amber- 
lite IR-4B); it also could be absorbed to charcoal. The amine was more 
soluble in water than any organic solvent tested. The various methods of 
purification that were employed caused a change in the spectrum of the 
diazo dye, indicating that the properties of the amine had been altered. 


DISCUSSION 


On the basis of the positive Bratton-Marshall test, coupling with diazo- 
tized sulfanilic acid, the positive pentose test, and its ability to be con- 
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verted to a known aminoimidazole derivative (AICA), the properties of 
the product accumulated by the mutant described here are consistent with 
those of an aminoimidazole riboside (or ribotide) derivative. This struc- 
ture would be in agreement with the scheme of purine synthesis as proposed 
by Greenberg (10). 

It is of interest to note the similarity in mechanism of production of 
AICA by mutant strain B-96 and the new amine by mutant strain W-11. 
In both cases aeration, added glycine, and glycine plus glutamic acid will 
enhance the production of the corresponding amine, and an added purine 
base will inhibit this accumulation. This would be expected if the new 
amine has a function similar to the postulated function of AICA as an 
intermediate in the biosynthesis of purines. The ability of mutant B-96 
to convert the amine accumulated by mutant W-11 to a form of AICA 
provides evidence that the new amine may normally function as a precursor 
of a pentose derivative of AICA and hence of purine derivatives. Nutri- 
tional evidence to support this, however, has not been obtained as yet. 
For example, the purine requirement of mutant W-11 cannot be replaced 
with AICA, though the latter can do so for other purineless auxotrophs 
which do not accumulate diazotizable amines. It is possible that the ac- 
cumulation of the amine by W-11 may in itself be responsible for the ina- 
bility to utilize AICA for growth in a manner similar to the prevention of 
shikimic acid utilization by a mutant which accumulates a precursor of 
shikimie acid, 5-dehydroshikimie acid (11). Furthermore, no purineless 
auxotroph has yet been found which can utilize the W-11 amine for growth 
in the absence of added purines. It is of course possible that the appro- 
priate mutant, 7.e. one whose genetic impairment occurs before the synthe- 
sis of the amine, was not represented among the mutants tested. Other 
possibilities which could explain the inability of the W-11 amine to serve 
as a growth factor include the presence of permeability restrictions or anti- 
biotic-like substances which have been reported to be accumulated by a 
mutant similar to strain W-11 (12). 

Chamberlain et al. reported the accumulation of an arylamine by a bi- 
otin-deficient yeast (13). The spectrum of the diazo dye of this compound 
also has a maximal absorption at 500 mu. <A preliminary comparison made 
by us of the eluates obtained from paper chromatography indicates that 
the amine produced by the biotin-deficient yeast and that produced by 
W-11 are closely related if not identical. Attempts to demonstrate amine 
accumulation in biotin-requiring mutants of /. coli were unsuccessful. 

Since all the methods of purification used thus far have not enabled the 
complete separation of the 300 my absorption from the Bratton-Marshall 
and pentose-positive compound, it is felt that the absorption is charac- 
teristic of the new amine. With the aid of the paper pulp column chro- 
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matogram it was possible to obtain fractions with a high absorption in 
the 300 my region and with negative Bratton-Marshall and pentose tests. 
This tends to indicate that there are at least two closely related compounds 
accumulated by W-11. 

The above results indicate that the new amine is accumulated by W-11 
as a consequence of its genetic block in purine synthesis. The genetic 
block is different from that of B-96 and allows the accumulation of the 
aminoimidazole riboside derivative which is probably a direct precursor of 
AICA riboside (or AICA ribotide) and, as such, it is an apparently new 
intermediate in the biosynthesis of purines by L. colli. 


SUMMARY 


In examining purine-requiring mutants of /’scherichia coli, one was found 
which produced a non-acetylatable, diazotizable amine of which the ultra- 
violet absorption spectrum and the spectrum of its diazo dye were differ- 
ent from that of 4-amino-5-imidazolecarboxamide (AICA). This amine 
was associated with a pentose. The réle of this diazotizable amine in 
purine metabolism via the synthesis of AICA has been investigated. The 
data obtained indicate that the new amine is an aminoimidazole riboside 
derivative that can be converted to AICA by strain B-96 and can be uti- 
lized by E. coli B. The new amine is believed to be an intermediate in the 
biosynthesis of purines by F. colt. 
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OF CATION EXCHANGE CHROMATOGRAPHY 
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Current methods for the determination of sodium in biological materials 
are subject to considerable error under certain conditions. Large amounts 
of Ca, P, or strong acid cause serious interference in the flame photometric 
method (1, 2) and coprecipitation of Na occurs with methods commonly 
used to remove Ca and P (3). Whereas analysis of bone for Ca, P, Mg, 
CO., and a number of other constituents presents no serious problem, the 
relative paucity of data in the literature on the Na content of bone reflects 
to a certain extent the difficulties encountered in the determination of Na 
in the presence of large amounts of interfering substances. 

A number of attempts have been made to circumvent the difficulties in- 
herent in the determination of Na in bone. Bergstrom and Wallace (4) 
found that a multiple stage precipitation method for the removal of Ca and 
P gave satisfactory results. Davies, Kornberg, and Wilson (3) added Na*4 
to a solution of bone ash, precipitated Ca and P, and corrected their re- 
sults by the amount of Na* found to be occluded in the precipitate. Edel- 
man et al. (5) constructed calibration curves for their flame photometer by 
analyzing solutions of known Ca and Na content, but failed to account for 
possible error from phosphate. Stern et al. (6), on the other hand, en- 
countered no particular difficulties in the analysis of bone for Na by oxalate 
precipitation and internal standard flame photometry. 

The method reported herein successfully removes interfering materials 
from bone by cation exchange chromatography. Under the conditions 
employed, Na appears in the eluate entirely free from P, Mg, K, and Ca; 
the Na-containing fraction can then be analyzed directly by flame photom- 
etry, or indirectly by Cl titration as recommended by Beukenkamp and 
Rieman (7). 

Cation exchange resins have been used by others to effect quantitative 
separation of sodium from K, Rb, and Cs (8, 9), from K and Mg (7), and 
from Li and K in insoluble silicates (10), to separate Na, K, Mg, and Ca in 
solutions of milk ash (11), and more recently to separate Na*™ from K*® in 
blood serum (12). 
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Methods 


Preparation of Column—A column 1.2 cm. in diameter and 60 cm. in 
height was employed. This column contained 21 gm. (oven-dried basis) 
of the sulfonated polystyrene resin Dowex 50-X12 (50 to 100 mesh) which 
rested on a plug of Pyrex glass wool and filled the column to a height of 45 
cm. Before use, the resin was washed several times with water; after it 
was placed in the column, it was further washed with dilute HCl until the 
efHuent was free of Na. 

Elution Procedure—The solution to be analyzed was added to the column 
in a volume of 1 to 10 ml. and was allowed to flow into the resin bed. 
Elution with 0.7 n HCl was carried out at a flow rate of 2.0 + 0.5 ml. per 
minute and at room temperature (approximately 21°). A change to 5 N 
HCl was made at various points in the 300 to 1000 ml. effluent range to 
effect the more rapid elution of other cations, including Ca, when this was 
desired. The column was washed with approximately 300 ml. of 0.7 n 
HCl after each run in order to reequilibrate the resin with the weaker acid. 
The resin tended to become packed after several runs so that periodic agi- 
tation of the resin bed, and occasionally a repouring of the column, was 
necessary in order to maintain a satisfactory flow rate. 

Analysis of Effluent Fractions—In the case of Na, the eluate was evapo- 
rated to dryness on a steam bath in order to drive off most of the HCl, 
diluted with water to volume, and analyzed directly in a Weichselbaum- 
Varney flame photometer. A comparable sample of 0.7 nN HCl treated in 
similar fashion served as a blank. Potassium was determined by flame 
photometry, Ca by the Kramer-Tisdall method (13), Mg by the method of 
Orange and Rhein (14), and P by the Kuttner and Cohen technique (15). 


Results 


Analysis of Known Solutions—A representative elution curve for NaCl , 
is depicted in Fig. 1. Sodium could be detected only in the 150 to 300 
ml. range. Recovery of added Na was quantitative. 

Fig. 1 also illustrates the elution characteristics of the column when 
known amounts of NaCl, KCl, MgCl, and CaCl. were added simultane- 
ously. Recovery was quantitative for all four cations. Calcium did not | 
appear in the effluent before the change of elutriant to 5 n HCI at 1000 ml. | 
Separation of Na from K, Mg, and Ca is thus seen to be complete. 

Elution curves were determined for a wide range of Na concentrations. 
When 0.01 mmole of Na was added, sodium could be detected only in the 
200 to 275 ml. range; with increasing amounts, the curve broadened to the 
extent that Na was present throughout the 100 to 300 ml. range when 4.84 
mmoles (the largest amount tested) were added. The influence of vary- 
ing amounts of Ca was also studied. With increasing amounts of Ca, the 
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Na curve shifted slightly toward the left and Ca appeared earlier in the 
efluent. Whereas Ca had not yet appeared in the effluent by the 1000 ml. 
mark when 2.7 mmoles were added (Fig. 1), increasing the amount of Ca 
to 11 mmoles resulted in its appearance at 475 ml. In each instance the 
100 to 300 ml. fraction contained all of the Na present in the sample ana- 
lyzed. 

Elution of solutions of bone ash gave results essentially similar to those 
obtained with synthetic mixtures of Na, K, Mg, and Ca. No attempt was 
made to study other cations. 


| 
NaCl - 0,968 mM 

KCL -0.240 - 
MgCl,-1.0 
- 
x 
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° 
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° 
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Fic. 1. Elution of mixture of known amounts of Na, K, Mg, and Ca. The eluate 
was collected in 25 ml. fractions, and the elutriant changed to 5 N at the 1000 ml. 
mark (indicated by the arrow). The ordinate scale reads directly for Na, K, and Mg; 
it should be doubled for Ca. 


Since phosphate also serves as an interfering substance in the analysis of 
bone for Na, the behavior of phosphate on the column was studied. In- 
troduction of phosphate either as CaH POy, NaH2POs,, or as bone ash always 
resulted in its prompt appearance in the effluent and in its complete re- 
covery in the first 100 ml.; z.e., prior to the appearance of Na. 

The accuracy of the method was tested by adding varying amounts of 
NaCl to the column and analyzing the 100 to 300 ml. fraction for Na. 
The results are indicated in Table I. Recoveries were considerably less 
accurate when less than 0.06 mmole was used, presumably because of the 
small but definite blank values from the HCl (reagent grade). 

Analysis of Bone Samples—Rat bone, freed of muscle attachments and 
marrow, is dried overnight at 65° in a vacuum oven and ashed at 525° in a 
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muffle furnace. The ash is dissolved in 3 N HCl and the resulting solution 
boiled for 10 minutes. Any remaining dark particles are removed by fil- 
tration through glass wool before placing the solution on the column. 

An aliquot of the solution of bone ash is added to the column and elution 


with 0.7 nN HCl begun. 


The 100 to 300 ml. fraction is collected for Na 


Results of Addition of Varying Amounts of NaCl to Column and Analysis of Na 


Recovery of known amounts of Na 


TABLE I 


Fraction 


Recovery of Na added to solutions of bone ash 
(0.15 mmole of Na added in each instance) 


| wy | Per cent 
0.063 0.069 | 109.5 0.108 0.246 92.0 
0.063 0.066 | 104.7 0.098 0.236 92.0 
0.063 0.063 : 100.0 0.057 0.213 104.0 
0) .063 0.065 103.2 | 0.071 0.219 98 .7 
0.150 0.147 98 .0 | 0.062 0.219 104.7 
0.150 0.150 100.0 0.109 0.257 98.7 
0.150 0.147 98 .0 0.093 0.237 96.0 
0.150 0.147 98.0 | 0.110 0.279 112.6 
0.150 0.153 102.0 | 0.070 0.197 84.7 
0.150 0.146 97.3 0.096 0.231 90.0 
0.150 0.147 98 .0 0.083 0.225 94.7 
0.300 0.303 101.0 
0.300 0.295 98.3 | 
0.450 0.438 97.4 
0.450 0.439 97 .6 
0.750 0.761 101.5 
0.750 0.759 | 101.2 
4.84 
Average recovery......... | 100.1 97.1 
Standard deviation........ | 33 7.8 
Standard error............ 1.3 2.4 


analysis. The elutriant is then changed to 5 Nn HCl, which results in the 
prompt appearance of K, Mg, and Ca in the effluent and their quantitative 
recovery in the 300 to 500 ml. fraction. The 100 to 300 ml. fraction is 
analyzed for Na as indicated above; the 0 to 100 ml. fraction can be used 
for P analysis and the 300 to 500 ml. fraction for IK, Mg, and Ca analyses 
if these are desired. The entire elution procedure, together with recondi- 
tioning of the resin, at the flow rates indicated, occupies about 7 hours, 
during which time the column requires very little attention. By using 
four columns, four complete runs can easily be made in a working day. 
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Recovery of Na Added to Bone—Solutions of rat bone ash were divided 
into two equal aliquots, and to one of these 0.15 mmole of Na was added. 
Simultaneous runs were then made with two columns. The results are 
indicated in Table I. Although the range and standard deviation were 
somewhat larger than we had anticipated, it is evident that satisfactory re- 
covery of added Na occurs. 

Na and Ca Content of Normal Rat Bone—By the method outlined above, 
analyses of the femora and tibiae of normal rats were made for water, Na, 
and Ca, samples of approximately | gm. of wet weight being used. In the 
case of the young rats, bones from three to six animals were pooled in order 


TaBLeE II 
Analysis of Rat Femur and Tibia 
Age | | Per cent HO | | Molar Ca: Na ratio 
| | | 
days | | | 
5 12 | 57 .2* — 0.124 | 16.7 
(55.5-58.8)f (0.123-0.125) (16. 1-172) 
10-15 | 28 | 58.3 «0.092 | 20.3 
 (54.3-61.8)  (0.079-0.107) (16.8- 25.0) 
34-46 | 18 42.8 | 0.133 | 21.9 
(38.8-49.8) (0.126-0. 145) (16.3-24.8) 
mos | | 
>6 (Males) 9) 28.3 «0.199 | 21.2 
(20 .3-34 .0) (0.160—0.221) (17 .5-26.3) 
>6 (Females) 9 24.1 0.189 22.4 
| (21 .0-26.8) (0.172-0.208) (17 .0-28.1) 
* Average. 
t Range. 


to obtain sufficient material for analysis. The results are indicated in 
Table II. Ona wet weight basis, the Na content of rat bone shows a strik- 
ing increase with age. Calcium content shows a parallel increase, the 
molar Ca-Na ratio remaining fairly constant over the age range studied. 


DISCUSSION 


Because of the marked effect of large amounts of Ca on the elution curve 
of Na, it appears that the maximal amount of Ca allowable for a column of 
these dimensions should not exceed about 10 mmoles. Although Na in 
amounts as small as 0.01 mmole can be easily detected, the smallest amount 
compatible with reasonable accuracy is of the order of 0.06 mmole. For 
the analysis of adult rat bone, therefore, the sample size should be kept 
within the range of 0.3 to 2.0 gm. (wet weight) to insure maximal accu- 
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Since individual batches of Dowex 50 may vary in their properties, a 
preliminary run with known solutions of Na, K, Mg, and Ca should be 
made prior to the use of the procedure for the analysis of bone. 

Preliminary trials with two other types of resin proved unsatisfactory. 
Amberlite IR-112 failed to effect complete separation of Na and K, and 


colloidal Dowex 50, used in accordance with the recommendations of Beu- 
kenkamp and Rieman (7), would not permit satisfactory flow rates. ¢ 

The method presented herein is relatively simple and quick, and pre- 1 
sents no particular difficulties once the resin column is set up and its elu- | | 
tion characteristics determined. Other ion exchange techniques for ac- ‘ 
complishing the quantitative separation of Na from various cations, as 1 
described in the literature (7-12), would appear to offer no clear advantage 


over the method outlined here. Only one previous attempt (11) has been 
made to effect quantitative separation of Na and Ca by ion exchange 
chromatography. 

This work was supported by a grant from the Playtex Park Research 
Foundation. The cooperation of Dr. Augusta MeCoord and Dr. Taft 
Toribara is gratefully acknowledged. 


SUMMARY 


1. A new method for the determination of Na in bone is presented. The 
method consists of placing an acid solution of bone ash on a Dowex 50 
column (1.2 X 45 em.). Elution with 0.7 x HCl results in the quantita- 
tive recovery of Na (unaccompanied by P, K, Mg, or Ca) in the 100 to 
300 ml. zone of the effluent. This fraction can then be analyzed directly 
for Na by flame photometry without the necessity of correcting for inter- 
fering substances. The elution procedure, which includes reconditioning 
the resin column preparatory to the next run, requires about 7 hours. 

2. The method will accommodate 0.3 to 2 gm. samples of bone (wet 
weight). 

3. Recovery of Na from synthetic mixtures was 100 + 3 per cent, and 
that of Na added to solutions of bone ash was 97 + 8 per cent. 

4. Values for Na content of rat femur and tibia (approximately 1 gm. 
wet weight) determined by this method are presented. Over the age range 
from 5 days to 6 months and over, the Na content of rat bone, on a wet 
weight basis, increases markedly, although the molar Ca-Na ratio re- 
mains fairly constant. 
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PORPHYRIN METABOLISM 
I. EXPERIMENTAL PORPHYRIA IN CHICK EMBRYOS* 
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ROBERT F. LABBE, ann ROBERT A. ALDRICH 


(From the Departments of Biochemistry and Pediatrics, University of 
Oregon Medical School, Portland, Oregon) 


(Received for publication, July 20, 1954) 


The suggestion of Duesberg (1) that prolonged ingestion of allyliso- 
propylacetylearbamide (Sedormid)! may have induced acute porphyria in 
a human led later workers to produce this disorder in rabbits (2) and rats 
(3) by oral administration of the drug. Although this experimental pro- 
cedure has facilitated the study of acute porphyria, the possibility remains 
that some of the porphyrin excreted in this metabolic disturbance originates 
from the action of intestinal bacteria (4). This possibility has now been 
excluded by use of the embryonated hen’s egg in which injection of Sedor- 
mid into the yolk sac, followed by examination of the allantoic fluid for 
porphyrins, provides a situation analogous to oral administration of the 
drug to animals with subsequent examination of the urine and feces for 
porphyrins. Such experiments have demonstrated that the accumulation 
of tissue and excretory porphyrins in Sedormid-treated embryos is com- 
parable to that occurring in acute porphyria. In addition, congenital de- 
formities and retarded growth were noted. 


M ethod s 


Preparation of Materials—Pure strain white Leghorn eggs were obtained 
from a local hatchery after a week’s incubation, then maintained in a bac- 
teriological incubator (37.5°) containing two large pans of water for main- 
tenance of humidity. The eggs were turned at least once daily when 
candled for viability. Dead embryos were discarded. 

A weighed quantity of Sedormid was ‘‘thomogenized”’ in isotonic glycerol 
(0.3 mM) containing 0.1 per cent Tween 80. The suspension was diluted 
with the same solution to a final concentration of 20 mg. per ml. Ap- 
propriate volumes of the preparation were transferred to vaccine bottles, 


* Supported by a special research grant of [li Lilly and Company, the Helen Hay 
Whitney Foundation, and the M and R Dietetic Laboratories, Inc. Presented in 
part at the meeting of the Federation of American Societies for Experimental Biology 
at Atlantic City, March, Talman, I. L., Frisch, A. W., and Aldrich, R. A. (Federa- 
tion Proc., 18, 309 (1954)). 

! Supplied through the courtesy of Hoffmann-La Roche, Inc., Nutley, New Jersey. 
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capped, and sterilized by being heated in a boiling water bath for 1 hour I 
on each of 3 successive days. To prevent caking of the Sedormid, the ¢ 
bottles were shaken frequently by hand during the heating period, and then ( 
in a shaking machine until cool. 

Experimental Procedure—Sedormid was injected into the yolk sacs of 
8 day embryos in doses of 5 and 10 mg. A group of control embryos re- 
ceived 0.50 ml. of sterile suspension medium via the same route. At 24 
hour intervals for a period of 9 days after injection, three to five living \ 
eggs from each group were thoroughly chilled in order to minimize bleeding, 
the shell and membranes over the air sac were carefully removed, and the 
allantoic fluid aspirated and collected. After the 9th day following drug 
treatment, the fluid becomes so scanty and concentrated that samples are 
not suitable for analysis. Quantitative determinations for coproporphyrin 
and uroporphyrin and qualitative tests for porphobilinogen were _per- 
formed daily on pooled allantoic fluids from each group of eggs. 

Following aspiration of the allantoic fluid, each embryo was separated 
from extraembryonic tissues, blotted on absorbent paper, and weighed. 
Autopsy was performed on many embryos (105 controls, 63 treated with 5 
mg., and 116 with 10 mg. of Sedormid) under a dissecting microscope il- 
luminated by ultraviolet light.2._ In every experiment a few eggs from each 
group were allowed to hatch, and in two experiments the chicks were 
weighed at hatching and daily thereafter for 11 days, then at convenient 
intervals until they were 30 days of age. The chicks were fed a commercial 
starter mash during this period. 

Analytical Procedures—Coproporphyrin was determined by the method 
of Schwartz et al. (5). When the fluid contained more than traces of uro- 
porphyrin, a buffered acetic acid solution made up of equal volumes of 
glacial acetic acid and saturated aqueous sodium acetate was substituted 
for the 4:1 buffer originally recommended. After isolation and spectro- 
photometric identification of coproporphyrin, its isomeric type was estab- 
lished by the fluorescence-quenching technique of Schwartz and associ- 
ates (6). 

Uroporphyrin (unboiled) was estimated in the aqueous phase plus the 
sodium acetate washes from the coproporphyrin determination by a pro- 
cedure differing slightly from that of Schwartz et al. (7) in that the adsorp- 
tion on and elution from alumina were carried out in centrifuge tubes. 
The term ‘‘uroporphyrin” has been used here to indicate ether-insoluble 
porphyrins. 

For the determination of uroporphyrin (unboiled), an aliquot of allantoic 
fluid was adjusted to pH 5.0 with acetic acid-saturated sodium acetate 
buffer (1:1) and heated for 3 hour in a boiling water bath. Uroporphyrin 
was then estimated as outlined above. After the isolation of uroporphyrin 


2 Model BL-2, Black Light Products Company, Chicago, Illinois. 
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by repeated adsorption on and elution from alumina, its isomeric type was 
established by the decarboxylation technique of Edmondson and Schwartz 
(8). 

Porphobilinogen was identified as described by Watson and Schwartz (9). 


Results 


Mortality—The mortality rates in the first 24 hours after treatment 
were 6 per cent for controls and 12 per cent for treated eggs (10 mg. of 
Sedormid). Many of these deaths resulted from injury to the embryo 


TABLE I 


Porphyrin Concentrations in Pooled Allantoic Fluids from Embryonated Eggs following 
Injection of Sedormid into Yolk Sacs* 


| 


| 
Coproporphyrin, per cent Uroporphyrin (unboiled), | Uroporphyrin (boiled), 


Days | | per centt | per centt 
days | treat | Smeg. | | 5m | 
— Control | Sedor- | d Control | Sedor- | d Control Sedor- ‘sedormid 
| | | | 
9 1 | 2.75) 4.23 5.86/0.20) 2.30, 2.30/0.13/0 | 0.74 
10 2 | 3.52/ 14.5 | 18.1 | 0.23; 6.55| 5.88| 0.19 0.04! 1.73 
11 3 3.70 26.0 35.7 0.81 14.1 | 17.8 | 0.30 | 0.40 | 2.55 
12 4 45.8 50.7. 1.32 21.3 | 31.1 | 0.33 6.00 | 11.4 
13 5 | 4.59/ 51.2 | 77.0 | 2.43 | 43.5 | 47.4 | 1.07 | 6.55 | 12.6 
14 6 6.41 33.6 197 27.3 140 2.22 4.60 | 28.6 
15 7 | 8.24] 72.5 | 208 2.12 | 24.2 | 86.5 | 1.07 | 5.16 | 21.1 
16 8 4.72) 44.1 261 4.78 29.3 | 164 2.82 3.62 | 23.0 
17 9 4.12 55.8 295 6.27) 42.5 195 | 5.44 | 6.30 | 30.0 


Average values derived from five separate experiments for control and 10 mg. 
dose and two separate experiments for 5 mg. dose. Allantoie fluids from three to 
five eggs pooled daily in each experiment. 

+ Expressed in terms of a coproporphyrin standard. 


during inoculation. On the 7th day after treatment, the rates were 3 and 
6 per cent, respectively. At all other times the mortality rates were low 
(<2 per cent). 

Qualitative Observations on Allantoic Fluid—The red fluorescence char- 
acteristic of porphyrins in ultraviolet light became visible in the native al- 
lantoic fluids of Sedormid-treated eggs within 24 hours and increased pro- 
gressively. In the latter part of these experiments, the fluids from eggs 
treated with 10 mg. of Sedormid exhibited a tan or brownish color in con- 
trast to the yellow or orange-yellow color of normal fluids. _Porphobilino- 
gen usually accompanied the tan color. 

Porphyrins in Allantote Fluid—Quantitative data on porphyrin concen- 
trations in allantoic fluid are summarized in Table I. Coproporphyrin 
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concentrations in the fluids of eggs treated with 10 mg. of Sedormid showed | _ ter 
a progressive increase throughout the period studied. Unboiled uro- alls 
porphyrin in the same samples increased similarly except for the 7th day tio! 
after treatment. In all other groups there was a progressive rise in por- enc 
ege 
ig CALCULATIONS BASED UPON 
DATA FROM 445 EGGS alt 
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Embryonic Age (Days) bie 
Fic. 1. Total coproporphyrin content per egg of allantoie fluid following Sedor- eff 
mid. 
da 
phyrin concentrations through the 5th day following treatment, with an . 
irregular pattern thereafter. It is clear that porphyrin levels in allantoic all 
fluid are markedly increased after treatment with Sedormid, and that boil- 
ing at pH 5.0 results in the disappearance of a large proportion of the pe 
ether-insoluble porphyrin. Direct interpretation of these concentration : 


figures may be misleading since the volume of allantoic fluid increases 
through the 13th day of embryonic development and then decreases. For 
this reason, the allantoic fluid volumes of a large number of eggs were de- 
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termined’ from which the absolute quantities of porphyrins present in the 
allantoic fluid of a single egg were estimated. The results of these caleula- 
tions are shown graphically in Figs. 1, 2, and 3. Fig. 1 illustrates the pres- 
ence of a small amount of coproporphyrin in the allantoic fluids of control 
eggs. Single 5 mg. doses of Sedormid resulted in an increase in the quan- 
tity of coproporphyrin with the maximal drug effect appearing 4 to 5 days 
after treatment. Coproporphyrin excretion following a 10 mg. dose was 
higher than that following a 5 mg. dose during the first 4 days, and con- 
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2 
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S 
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Embryonic Age (Days) 


Fig. 2. Total “uroporphyrin” content per egg of allantoic fluid following Sedor- 
mid. 


tinued at about the same rate through the 5th day with a maximal drug 
effect on the 6th day after treatment. After a direct relationship between 
dosage and response had been established by two experiments, the 5 mg. 
dose was discontinued. The decrease in allantoic fluid coproporphyrin 
noted on the 7th day after a 10 mg. dose was a consistent finding. Since 
allantoic fluid volume decreased approximately 20 per cent in the 24 hour 
period between the 6th and 7th days following treatment, some porphyrin 
may have been reabsorbed with this large volume of water and then re- 
excreted. 

Fig. 2 shows that the actual quantities of uroporphyrin present were 


> Unpublished data obtained by an isotopie dilution technique. 
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somewhat smaller but the over-all pattern of excretion resembled that of | mal 
coproporphyrin. The reduction in uroporphyrin after the boiling at pH | mu 
5.0, even in the presence of porphobilinogen, is illustrated by Fig. 3. The 
positive test for porphobilinogen was strongest when the rate of porphyrin 
excretion was greatest. 

Identification of Porphyrins—The absorption spectrum of coproporphy- 
rin (1.5 nN HCl) isolated from control and Sedormid-treated eggs corre- 
sponded to that of pure coproporphyrin. Coproporphyrin from treated 


PORPHOBILINOGEN 


nm 


CALCULATIONS BASED 
UPON DATA FROM 
372 EGGS 


10 mgs. Sedormid 
(Boiled) 


‘Uroporphyrin" Per Egg in Allantoic Fluid (ug.) 


3 4 5 6 7 8 
Days Post-Treatment 
9 10 13 14 15 16 
Embryonic Age (Days) 


Fic. 3. Effect of boiling at pH 5.0 on total “uroporphyrin” in allantoie fluid 


eggs proved to be the type III isomer (>90 per cent) while that from con- 
trol eggs was approximately 80 per cent type IIT and 20 per cent type I. 
The ether-insoluble porphyrin (uroporphyrin) isolated from the allantoic 
fluids of treated eggs showed an absorption maximum at 405 my compared po 
to 406 my for pure uroporphyrin in 1.5 N HCl. Decarboxylation (8) of the 
ether-insoluble porphyrin from treated eggs yielded coproporphyrin type 


Ill (>90 per cent). Uroporphyrin from control eggs exhibited an absorp- tr 
tion maximum corresponding exactly to that of a pure sample. Its iso- Ce 
meric configuration has not been established. lo 

A porphyrin having the solubility characteristics and HCl number of fr 
protoporphyrin was detected in the allantoic fluids of treated eggs. Maxi- el 
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mal absorption appeared at 408 my, which corresponds exactly to the maxi- 
mum of known protoporphyrin. 


22F e Control embryos ° 
_ © Standard deviation of control embryo weights 
4 Sedormid- treated (10 mgs.) embryos 
20+ ® Standard deviation of weights of sedormid- 
treated embryos 
° 
& 14} 
| 
= 
‘ 
§ 8F 
by ° 4 
° 
6r A 
4+ Z 4 
4 
- wa 
— 
23 
oO! L i i i l 


| 2 3 4 5 6 7 8 9 
Days Post -Treatment 

Embryonic Age (Days) 


Fic. 4. Growth curves of control and Sedormid-treated chick embryos. Each 
point represents an average weight derived from sixteen to nineteen embryos. 


Embryo Size and Eeternal Appearance—-Growth curves for control and 
treated embryos are compared in Fig. 4. Treated embryos were signifi- 
cantly smaller than the controls from the 5th through the 9th days fol- 
lowing treatment (95 per cent confidence level on the 5th day, 99 per cent 
from the 6th through the 9th days). Beginning about the 15th day of 
embryonic life, many treated embryos exhibited gross external abnormali- 
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ties, including maldevelopment of down (clubbed down), cysts over the I 
caudal region, and a flaccid condition of the legs and feet with the toes | — oth 
distorted. fror 

Observations on Internal Organs—In 8 day embryos the mesonephros | dra 


is the functional excretory organ (10). 24 hours after the injection of 
10 mg. of Sedormid, red fluorescence was noted in the mesonephri from | 
more than half of the embryos when first exposed to ultraviolet light. | 
This fluorescence increased in intensity after 5 minutes irradiation, and 
many initially non-fluorescent mesonephri became ‘fluorescent afterwards. 
About the 13th day of age, the metanephri showed fluorescence, which 
increased greatly upon exposure to ultraviolet light. The fluorescence of 
both mesonephri and metanephri was localized in small intracellular gran- | 


TABLE II 
Incidence of Red Fluorescence under Ultraviolet Light in Mesonephri and Metanephri 
| Mesonephri, Metanephri, 
per cent per cent 
No. of 5 min. 5 min. 
embryos ultraviolet ultraviolet 
irradiation irradiation 
| 
| Before | After | Before | After 
| 68 31 | 6 | o | 10 § 
5 91 19 46 


ules which coalesced as they increased in number. The frequency of oc- 
currence of fluorescence in these organs before and after irradiation is sum- 
marized in Table IT. 

The presence of porphyrin precursors in these tissues is indicated by the 
increased red fluorescence resulting from ultraviolet irradiation. Porphy- 
rin isolated from these organs was ether-insoluble and the absorption spec- 
trum of its methyl] ester in chloroform exhibited maxima at 405, 502, 536, 


re] 

571, and 626 mp. Once recrystallized uroporphyrin methyl ester isolated 
from the urine of an acute porphyric showed maxima at 406, 503, 536, 572, ie 
and 626 mu. St 
Embryos with strongly fluorescent kidneys also displayed striking red lin 
fluorescence in the calcified portions of all bones. The stomachs, intes- | wr 
tines, and cloacae of embryos 17 days of age and older contained large - 

quantities of red fluorescent material when the metanephri were brightly 
fluorescent. The tissues of control embryos never exhibited fluorescence th 
typical of the porphyrins. } \ 
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Red fluorescence was seen in the liver in only four embryos in which most 
other tissues also fluoresced. Alterations in the gross appearance of livers 
from Sedormid-treated embryos included variations in color from olive- 


drab to dark green, white necrotic areas, and extreme friability. Normal 
_ Growth rates during last 10 days 
Controls 8.39/day 
200F Sedormid-treated 5.7g/day 
So, 
4 
160} | 


Chick Weights (Grams) 


100F 
80F 
1 
& 
60} © 
40, 


Days After Hatching 
Fig. 5. Growth curves of control and Sedormid-treated chicks. Each point 
represents an average weight derived from ten to twenty-seven chicks. 


livers are pink or yellow in color, depending upon the stage of development. 
Studies in progress have demonstrated a prompt and marked decline in the 
liver catalase activity of Sedormid-treated embryos. Enzyme activity 


Was significantly reduced 24 hours after drug injection and had reached a 
minimum of 5 to 10 per cent of normal within 72 hours. 

Observations on Hatehed Chichks—-In hatching, at least three-fourths of 
the Sedormid-tfeated chicks were not able to leave the shell unassisted. 
More than a third of these chicks had seriously deformed feet and poor con- 
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trol of the legs. Neurological involvement was suggested by difficulty in 
maintaining equilibrium and by the appearance of tremors, especially in 
the wings. 

The growth curves in Fig. 5 show that a single 10 mg. dose of Sedormid 
given during embryonic development results in definite retardation of 
growth for at least 30 days after hatching. Since the embryo draws the 
yolk sac into its abdominal cavity during its last 24 to 48 hours in the egg, 
average weights of the two groups at hatching did not differ markedly. 

rains in weight did not begin until the 3rd and 6th days after hatching for 
the control and treated groups, respectively. Henceforth, treated chicks 
grew at a slower rate than the controls. Feather growth was poor in many 
of the treated chicks. 


DISCUSSION 


Karlier workers have demonstrated the presence of porphyrins in several 
parts of the egg. Protoporphyrin has been found in the shell (11), yolk 
(12), albumin (13), and egg-shell membranes (14). Coproporphyrin has 
been isolated from normal embryos, crystallized, and identified as the type 
I isomer (15). A search of the literature revealed no previous reports of 
the occurrence of porphyrins in allantoic fluid. 

In contrast to the quantitative relationships usually observed in the 
urine in acute porphyria, allantoic fluids from Sedormid-treated eggs con- 
tain larger amounts of coproporphyrin than uroporphyrin. However, in 
the chick embryo, the nephric ducts and the gut all terminate in the cloaca, 
which in turn opens into the allantoic cavity so that the allantoic fluid 
may contain materials excreted by the liver as well as those excreted by the 
kidneys. The fact that the porphyrin isolated from kidney tissue proved 
to be ether-insoluble suggests that the major part of the coproporphyrin is 
excreted by some other route. Therefore, the porphyrin picture in allan- 
toic fluid is probably more nearly comparable to that of the combined 
urinary and fecal porphyrin output of mammals than to urinary excretion 
alone. Wells and Rimington (16) have recently demonstrated the presence 
of large quantities of endogenous copro- and protoporphyrins in the stools 
of a patient suffering from porphyria cutanea tarda. Thus, if fecal porphy- 
rin is taken into account, the coproporphyrin output of porphyric animals 
also probably exceeds that of uroporphyrin. The reduction in uro- 
porphyrin in allantoic fluid after being heated at pH 5.0, even in the pres- 
ence of porphobilinogen, is not in agreement with the earlier observations 
on rabbits (2), rats (3), and humans (17), and remains to be explained. 
Conversion of porphyrin precursors to uroporphyrin by heating at pH 5.0 
is usually required to demonstrate the preponderance of uro- over copro- 
porphyrin in porphyria urines. Thus, failure to note such an increase in 
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allantoic fluid provides an additional explanation for the larger quantities 
of coproporphyrin as compared to uroporphyrin. Despite these relatively 
minor differences in the uroporphyrin picture, the appearance of porpho- 
bilinogen and large amounts of type III porphyrins in the allantoic fluids of 
Sedormid-treated eggs parallels the excretory pattern observed in rabbits 
(2) and rats (3) suffering from experimental porphyria and in human 
acute porphyria sufficiently closely to allow this disorder of chick embryos 
to be labeled acute porphyria. Other similarities between acute porphyria 


and the condition induced in chick embryos include the marked reduction 


in liver catalase activity (2), the appearance of material giving red fluores- 
cence under ultraviolet light in several tissues (2, 3, 18), and the probable 
conversion of porphobilinogen to porphobilin as evidenced by the tan 
color of the allantoic fluids in the latter stages of an experiment. In this 
organism, acute porphyria has been demonstrated in the absence of bacteria 
and therefore is undoubtedly the result of an alteration in porphyrin me- 
tabolism induced solely by allylisopropylacetylearbamide. 

Several reports of the production of abnormalities in chick embryos as a 
result of the injection of a number of compounds into the embryonated egg 
(19-23) have appeared in the literature. However, the effects of Sedormid 
treatment did not closely resemble the effects of these other substances. 
Embryonic abnormalities resulting from Sedormid treatment are very 
similar to those described by Romanoff and Bauerfeind (24) in embryos 
developing in eggs from riboflavin-deficient hens. This similarity is es- 
pecially noteworthy in view of the findings of Stich and Ejisgruber (25) 
that riboflavin promotes hemin synthesis and inhibits production of copro- 
porphyrin I by a yeast grown under conditions ordinarily leading to the 
formation of increased amounts of coproporphyrin I. However, the anom- 
alies resulting from Sedormid treatment also resembled in certain re- 
spects those observed in embryos developing in eggs from vitamin By»- 
deficient hens (26). Poultry experts, consulted regarding the condition of 
chicks hatched from Sedormid-treated eggs, expressed the opinion that 
certain features of several vitamin deficiencies were apparent but that the 
symptoms were not characteristic of any one nutritional deficiency syn- 
drome.4 

The recent work of Shemin and Russell (27), demonstrating that por- 
phyrins and purines arise from a common precursor, suggests that disorders 
of purine metabolism may be associated with disorders in porphyrin metab- 
olism. Inhibition of purine synthesis with its resultant decrease in nucleic 
acid formation offers a logical explanation for the retarded growth of por- 


‘The authors wish to acknowledge the generous advice and cooperation of Dr. 
G. Hf. Arseott, Dr. J. Ik. Parker, and Dr. P. k. Bernier of the Department of Poultry 
Husbandry, Oregon State College, Corvallis, Oregon. 
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phyric embryos and chicks. Moreover, symptoms suggesting avitaminosis 9. 
might appear as a consequence of purine deficiency, since many vitamins 10. 
function as a moiety of purine-containing prosthetic groups. Studies in | ns 
progress in this laboratory indicate that there may indeed be an alteration 13. 
in purine synthesis in experimental porphyria. Another factor which may 14. 
contribute to retarded growth is the suppression of normal liver function > 15. 
implied by a marked reduction in liver catalase activity. Whatever the | 16. 
mechanism involved, it is clear that a single 10 mg. dose of Sedormid given “4 
to an 8 day embryo produces a metabolic defect lasting for at least 30 days 19. 
after hatching. 0. 

SUMMARY | 


Injection of Sedormid into the yolk sacs of 8 day chick embryos results 7m. 
in the accumulation of large quantities of type III porphyrins in their | 93. 
allantoic fluids. When the rate of porphyrin excretion is high, porpho- 24. 
bilinogen also appears in these fluids. 25. 

At autopsy, many of the embryonic tissues display brilliant red fluores- or 


cence under ultraviolet light. The livers are frequently olive-drab or green 
in color with white necrotic areas. Liver catalase activity is markedly | 
reduced. 

Significant retardation of embryonic growth becomes apparent by the / 
5th day after drug treatment. Congenital anomalies appear in many | 
chicks hatched from treated eggs and, in addition, the growth of these | 
chicks is retarded for at least 30 days after hatching. 

The possibility of an associated derangement in purine metabolism as 
a factor in experimental porphyria is considered. 


The authors gratefully acknowledge the helpful advice and support of 
Dr. Norman A. David and Dr. Elton L. MceCawley of the Department of 
Pharmacology of the University of Oregon Medical School. 
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IDENTIFICATION OF A GLUCONOLACTONASE* 


By ARNOLD F. BRODIE FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and 
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School, Boston, Massachusetts) 
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The metabolic pathway by means of which hexose sugars are oxidatively 
decarboxylated to pentoses has now been elucidated in considerable detail 
(1-4). The reactions involved in the over-all oxidation of glucose to glu- 
conic acid or glucose-6-phosphate to 6-phosphogluconate have been shown 
to involve, first, an oxidation of the aldehyde to the corresponding lactone, 
followed by hydrolysis of the lactone to the acid. The initial reaction 
which involves the formation of a lactone has been clearly demonstrated in 
yeast, molds, and animal tissue preparations (5-8). Subsequently, how- 
ever, an opening of the lactone ring is to be expected, since the further 
reaction sequence involves an open chain compound. The enzymatic 
catalysis of this reaction had hitherto not been demonstrated. Although 
hydrolysis of the lactone will occur non-enzymatically at neutral pH, this 
reaction proceeds at a slow rate. A lactone-splitting enzyme had there- 
fore been postulated by Cori and Lipmann (5) and more recently by 
Horecker (9). The demonstration of this enzyme is the subject of the 
present report. 


Methods and Materials 


Preparation of Glucose Oxidase—Azolobacter vinelandii strain 9104 was 
used to prepare glucose oxidase. This organism was grown on the medium 
described by Lee and Burris (10) with acetate as the sole carbon source. 
The cells were grown with vigorous aeration at 30° for 40 hours, harvested 
ina refrigerated Sharples centrifuge, and washed with distilled water. They 
were then resuspended in a mixture of 8.5 per cent sucrose containing 0.1 
M Tris (tris(hydroxymethyl)aminomethane) buffer (pH 8.0) and sonically 
vibrated for 15 minutes in a 10 ke. Raytheon magnetostrictor oscillator. 


* This investigation was supported in part by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Publie Health Service, 
the Life Insurance Medical Research Fund, and the Rockefeller Foundation. 

Preliminary report presented before the Society of American Bacteriologists 
(Bact. Proc., 70 (1954)). 

t Research Fellow of The National Foundation for Infantile Paralysis. Present 
address, Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts. 
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The sonic extracts were then centrifuged in the Servall centrifuge (20,000 
X g) in the cold for 15 minutes in order to remove whole cells and cellular 
débris. The supernatant material was collected and recentrifuged in the 
Spinco centrifuge at 20,000 r.p.m. for 30 minutes and the supernatant fluid 
collected and recentrifuged at 40,000 r.p.m. (150,000 X g) for 2 hours. 
The precipitate which contains the oxidase was collected, washed, and re- 
suspended in 0.15 m KCl. The supernatant fluid from the 40,000 r.p.m. 
fraction was saved, since this fraction was found to contain the hydrolytic 
enzyme. By suspending the bacteria in a buffer at a relatively high pH 
before disruption and maintaining this pH, particles can be obtained which 
do not gelate. Other cells treated in this manner which did not gelate were 
Escherichia coli, Pseudomonas fluorescens, and yeast. 

Purification of Gluconolactonase from Yeast—100 gm. of National brand 
bakers’ yeast were suspended in 0.1 mM phosphate, pH 6.0, and sonically 
vibrated for 40 minutes. The homogenate was then centrifuged in the 
cold in a Servall angle centrifuge for 15 minutes and the supernatant fluid 
saved. This material was then heated in a water bath at 55° for 10 min- 
utes, cooled immediately, and centrifuged. The supernatant fluid was 
next fractionated with ammonium sulfate and the precipitate from 0.4-0.9 
saturation resuspended in 0.1 mM phosphate, pH 6.0, and dialyzed overnight. 
The dialyzed enzyme was then treated with tricalcium phosphate gel (34 
mg. per ml.). For every 40 mg. of protein, 3 ml. of gel were added and 
the mixture was stirred for 30 minutes at 0°. Following removal of the 
gel by centrifugation, the supernatant solution was refractionated with 
ammonium sulfate and the fraction precipitating between 0.4—0.8 satura- 
tion collected. Following dialysis for 48 hours against distilled water, the 
enzyme solution was lyophilized. Such lyophilized preparations are stable 
when stored at —4°. In the best preparations a 36-fold purification of the 
hydrolytic activity was obtained (Table I). 

Analytical Methods—The method used to assay for p-glucono-é-lactone 
(G-6-L) was that described by Cori and Lipmann (5) in which hydroxyl- 
amine reagent is used to convert the lactone to the hydroxamic acid. This 
test is based on the fact that lactones react quantitatively in aqueous al- 
kaline solution with hydroxylamine. All G-5-L solutions were prepared 
fresh daily from pure G-6-L obtained from Chas. Pfizer and Company. 

p-Glucono-y-lactone was prepared from G-6-L according to the method 
of Isbell (11), 6-phosphoglucono-é-lactone (PG-5-L) from glucose-6-phos- 
phate by the procedure of Horecker and Smyrniotis (8), and saccharolac- 
tone from glucose by oxidation with nitric acid. Lactabiono-é-lactone, L- 
and p-arabono-y-lactone, L-galactono-y-lactone, p-gulono-y-lactone, D-xy- 
lono-y-lactone, and the heptonolactones were obtained from Dr. H. Isbell 
of the National Bureau of Standards. 
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Gluconate was determined as the total corresponding lactone. The un- 
known solution was heated for 15 minutes in the presence of N HCl in order 
to convert all the gluconate to the lactone. The pH was adjusted to 6.5 
and lactone determined by the alkaline hydroxylamine method. 

Glucose was determined by the method of Folin and Malmros (12). 

Chromatography—G-é-L and gluconate were further identified by paper 
chromatography by a modification of the procedure of Abdel-Akher and 
Smith (13). The solvent consisted of n-butanol-ethanol-water (4:1:1) or 
n-butanol-ethanol-acetic acid-water (4:1:1:1). The spots were developed 
with 0.2 per cent naphthoresorcinol in 95 per cent ethyl alcohol reagent. 
Before spraying the paper, 10 per cent phosphoric acid (85 per cent) was 


TABLE I 
Summary of Purification of Yeast Hydrolytic Enzyme 


| units | | | 
| Total Total | | specific Per cent 


Fraction No. volume jie | units Protein activityt recovery 

— | | | | a 

mil. | | | 
1. Sonic extract centrifuged........... | 220 = 50 | 11,000 84 | 0.58 | 
457,200 25 1.8 | 65 
3. (NH,)2SO,, 0.4-0.9 saturation...... 150 40 6,000 11 | 4.6 54 
4. Ca3(PO,4)2 gel treatment............ 190 | 30. «65,700 2.8 10.6 | 50 
5. (NH,4)250,, 0.4-0.80 saturation..... «50 | 85 | 4,200 4.2 | 20 | 37 


*1 unit is defined as the amount of enzyme which causes the hydrolysis of 0.1 
umole per minute. 
Tt The specific activity is expressed as units per mg. of protein. 


added to the developing reagent. After spraying, the paper was put in a 
70-80° oven for 10 minutes and both color and Rp, recorded. 


Results 


Glucose oxidation by the particulate fraction obtained as described from 
A, vinelandii was followed manometrically. This system was found to ac- 
cumulate G-é-L quantitatively even in the absence of a trapping agent. 
The amount of lactone formed and its relationship to glucose utilization 
and oxygen consumption are shown in Table II. The amount of lactone 
accumulated, as followed by the formation of hydroxamice acid, is stoichio- 
metrically equal to the amount of glucose utilized and oxygen consumed. 
When the supernatant fluid was added, however, to the particulate sys- 
tem, very little lactone remained, although almost all of the glucose had 
been utilized. The amount of lactone which disappeared was further 
found to be dependent on the concentration of bacterial supernatant fluid 
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added to this system. It would appear from these experiments that the 
supernatant fraction contains an enzyme which can split the lactone ring. 

Further investigation of the particulate fraction revealed the presence of 
catalase. In the presence of KCN (0.01 M) the ratio of lactone to micro- 
atoms of oxygen approached 2.0, indicating hydrogen peroxide as the pri- 
mary product of reaction. Chromatographic analysis of the contents of 
the Warburg vessels further identified the oxidation product as G-é6-L. 
Glucosamine was also oxidized by the particulate preparation and lactone 
formation could be demonstrated. Since, however, glucosamic acid lac- 
tone was not isolated, it is possible that deamination occurred previous to 
lactone formation. 


TABLE II 
Glucose Oxidation by Fractions of A. vinelandii 
Content of vessel* A glucose Ov 
pmoles |  yamoles microatoms 

+ glucose (10 uwmoles)...... 7.8 7.3 8.4 


The system consisted of 0.5 ml. of 0.1 mM phosphate buffer, pH 6.0, 1.0 ml. of bac- 
terial particulate preparation (10 mg. of protein per ml.), and water to a final vol- 
ume of 3.0 ml. The side arm contained 10 wmoles of glucose and was tipped after 
equilibration at 25°. The systems were run for 20 minutes and then stopped and 
the contents analyzed for glucose and hydroxamie acid. 

* Incubation 20 minutes at 25°. 


In order to explore the distribution of the lactone cleavage enzyme, 
various bacterial and tissue preparations were investigated for their ability 
to hydrolyze G-6-L. The results are shown in Table III. Enzyme ac- 
tivity was found in yeast and rat liver homogenates, as well as in our bac- 
terial supernatant fluid. 

The hydrolysis to gluconic acid was also confirmed manometrically in 
0.2 m bicarbonate buffer. As shown in Table IV, in a complete system 
containing 25.5 umoles of lactone, 19.9 wmoles of acid were produced while 
22.1 uwmoles of lactone disappeared colorimetrically. Crude preparations 
were found also to contain esterase activity as shown by the ability to 
hydrolyze tributyrin. 

Further evidence for the enzymatic nature of this hydrolysis was ob- 
tained from kinetic studies in which the rate of hydrolysis was found to be 
a first order reaction, whereas the non-enzymatic hydrolysis was shown to 
be a zero order reaction. The rate of hydrolysis was shown to be linear 
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with respect to time and enzyme concentration (Fig. 1, A and B). The 
effect of substrate concentration on the rate of hydrolysis was also investi- 
gated. The Michaelis constant, calculated by the method of Lineweaver 
and Burk (14), was found to be 8.5 X 10-* mole per ml. (Fig. 2, B). 


TaBLe III 


Enzymatic Hydrolysis of Glucono-6-lactone 


Enzyme A lactone hydrolyzed 
pmoles 


The system consisted of 10 wmoles of p-gluconolactone in 1.0 ml. of 0.1 mM phos- 
phate buffer, pH 6.0, enzyme preparation 0.5 ml., and water to a volume of 2.5 ml. 
The mixture was incubated at room temperature for 5 minutes and analyzed for 
hvdroxamie acid formation. 


TABLE IV 


Comparison of Acid Formation and Hydrolysis of p-Glucono-6-lactone 


CO» formed Lactone 


Content of vessels per 15 min. pay go 
umoles poles 
+ 25.5 umoles lactone............... 19.9 22.1 
Yeast + | 6.8 


The system consisted of 1.0 ml. of 0.2 m NaH{COs;, pH 6.0, 0.5 ml. of crude yeast 
enzyme (14 mg. of protein per ml.), 0.5 ml. of PO, buffer, pH 6.0, and water to a 
final volume of 3.0 ml. The side arm contained solid p-glucono-6-lactone (25.5 
umoles). Control vessels were run with HCl in order to determine the retention 
factor of the protein. Lactone hydrolysis was also measured at the end of the 
experiment by the hydroxamic acid method. 


The specificity of the hydrolytic enzyme with respect to configuration of 
the lactone, number of carbon atoms, and position of the lactone ring was 
determined. The results, as summarized in Table V, show that, of the 
twenty lactones investigated, only those having the same configuration as 
G-6-L were hydrolyzed; PG-6-L was hydrolyzed as rapidly as G-6-L, 100 
per cent hydrolysis having occurred within 5 minutes. 

An absolute requirement by the enzyme for divalent cations such as 
Mg, Mn, or Co has been demonstrated. Removal of contaminating 
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metals could be accomplished by Versene in relatively low concentrations 
(2 X 10-* o) or by exhaustive dialysis of the enzyme. Furthermore, simi- 
lar to esterases the hydrolysis of the lactone was inhibited by NaF, so- 
dium benzoate, and hexylresorcinol in 4 X 10-* m concentrations. 
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Fic. 1. Effect of time and enzyme concentration on yeast gluconolactonase 
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Fic. 2. Effect of substrate concentration on yeast gluconolactonase 


In the presence of gluconate and the yeast enzyme no lactone formation 
could be demonstrated, although, by the addition of hydroxylamine to the 
incubation system, small amounts of hydroxamic acid were found after 
prolonged incubation. This reaction of the hydrolytic enzyme is similar 
to the lipase-catalyzed condensation of fatty acids with hydroxylamine 
shown by Lipmann and Tuttle (15). The condensation reaction with 
gluconate was studied and compared to that with fatty acids (Table VI). 
In the presence of crude enzyme and NH.OH, octanoate and butyrate, as 
well as gluconate, would condense with hydroxylamine, whereas upon frac- 
tionation the condensation reaction could only be demonstrated with glu- 
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conate. The formation of hydroxamic acid was found to be linear with 
respect to time and enzyme concentration. 


TABLE V 
Specificity of Hydrolytic Enzyme 
| | Configuration 
| Cs | Cs | Ge Cs | Ces 
percent — | | 
1. p-Glucono-é-lactone ............... | | +] | + 
2. p-Glucono-y-lactone ............... 7 + | - + - | 
3. 100" + + 
4. p-Galactono-y-lactone ............. | 18 + _ _ + 
5. Lactabionic-d-lactone .............. | 100 
6. p-Mannono-é-lactone .............. | 0 + 
7. p-Xylono-y-lactone ................ 0 + 
8. p-Glycero-p-galactonoheptono-y- | 


Same conditions as in Table III; 10 umoles of substrate were tested in each sys- 
tem. Other lactones investigated but found inactive were p-saccharo-6-, p-gulono- 
y-, D-glucurono-, p- and L-arabono-y-, p-talono-y-, L-galactono-y-, p-glycero-p- 
idoheptono-y-, and p-glycero-p-galactono-y-lactones, lactide, and pantoyl lactone. 

* 100 per cent hydrolysis in 5 minutes. 


TaBLe VI 
Comparison of Condensation with Hydroxylamine 


Hydroxamic acid formed per 120 min. 


Substrate + NH2OH | 
Crude yeast enzyme. 


Purified yeast 


enzyme 
pumoles | pmoles 
| 0.4 0 


The system contained 200 umoles of neutralized hydroxylamine, 0.5 ml. of 0.1 m 
phosphate buffer, pH 6.0, 1.0 ml. of hydrolytic enzyme (10 mg. per ml.), substrate 
as indicated, and water to a final volume of 2.0 ml. Tubes incubated at 37° for 2 
hours. 


DISCUSSION 


The reactions involved in the over-all oxidation of glucose to gluconic 
acid have been shown to involve specific enzymes. Lactone formation as 
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the primary oxidation product of glucose was first demonstrated by Bent- 
ley and Neuberger (6) with the mold flavoprotein notatin. Cori and 
Lipmann (5) further demonstrated the formation of PG-6-L as the primary 
oxidation product of glucose-6-phosphate. The inability to demonstrate 
the presence of this lactone in the absence of hydroxylamine was probably 
due to the presence of the hydrolytic enzyme here described as a contami- 3 
nant of their preparations. : 

The necessity for cleavage of the lactone ring is apparent, since further 
oxidation and decarboxylation must occur with the open chain compound. 
Evidence has been presented which demonstrates the enzymatic hydrolysis 


COOH COOH CH,OH 
HCOH HCOH C=0 
HOCH © HOCH HCOH 


HCOH HCOH HCOH HCOH HCOH 


HC HCOH HCOH CH,OPO,H, 
CH,OPO,H, CH,OPO,;H, CH,OPO,H, CHLOPO,H, RIBULOSE Ph 


Ph -6-GLUCO - Ph:6-GLUCONO Ph-6-GLUCONIC 3 KETO -6: Ph 
PYRANOSE LACTONE ACID GLUCONIC ACID 


Fig. 3. Role of lactone hydrolysis in the conversion of glucose-6-phosphate to 
ribulose-5-phosphate. 


of the lactone ring by an enzyme specific for gluconolactone and glucono- 
lactone-6-phosphate. The over-all reaction sequence in the oxidation of | 
glucose-6-phosphate to ribulose-5-phosphate is shown in Fig. 3. Thermo- 
dynamically the reaction is favored for the formation of gluconie acid. 


SUMMARY 


1. An enzyme has been found in bacteria, yeast, and mammalian tissue 
which can hydrolyze p-glucono-é6-lactone to the corresponding acid. ) 

2. The enzyme from yeast has been purified 36-fold and requires divalent 
cations such as Mg, Mn, or Co for activity. 

3. The hydrolytic enzyme has been shown to be specific for lactones con- 
taining the same configuration as p-glucono-é-lactone. The kinetics and 
Michaelis constant have been determined. 
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4. The significance of this enzyme in the over-all oxidation of glucose is 


discussed. 
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THE BIOSYNTHESIS OF HISTIDINE 


IMIDAZOLEGLYCEROL PHOSPHATE, IMIDAZOLEACETOL PHOSPHATE, 
AND HISTIDINOL PHOSPHATE 


By BRUCE N. AMES* anp HERSCHEL K. MITCHELL 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland, and the Kerckhoff Laboratories of Biology, 
California Institute of Technology, Pasadena, California) 


(Received for publication, August 2, 1954) 


In a previous communication on the genetics of some histidine-requiring 
mutants of Neurospora crassa (1), it was reported that the order of the 
mutants in the biosynthetic pathway is 


x &, y G4, g 212, sistidine 


It was later shown (2) that the mutant C84 accumulates imidazole- 
glycerol! in the growth medium, that mutant C141 accumulates imidazole- 
glycerol and imidazoleacetol,? and that T1710 accumulates L-histidinol.® 
It was also observed that none of these compounds will replace histidine 
in promoting the growth of these mutants or other mutants blocked earlier 
in the sequence. This suggested that these imidazole compounds might 
be derived from biosynthetic intermediates such as phosphate esters to 
which Neurospora mycelium is impermeable. Preliminary evidence that 
certain of these mutants do accumulate phosphorylated imidazoleglycerol 
and imidazoleacetol has been presented (2). 

This is a report on the isolation and characterization of D-erythro-imi- 
dazoleglycerol phosphate (IGP), imidazoleacetol phosphate (IAP), and 
L-histidinol phosphate, which are accumulated in the mycelia of several of 
these mutants. 


EXPERIMENTAL 


Isolation of Phosphate Esters—Mutant C141 was grown in 16 liter car- 
boys of the Fries minimal medium, supplemented with 450 mg. of L-his- 
tidine monohydrochloride monohydrate as described previously (2). After 


* Part of this work was done as a Predoctoral Fellow of the Atomic Energy Com- 
mission at the California Institute of Technology, and it was supported in part by a 
grant from the Williams-Waterman Fund for combat of dietary diseases. Post- 
doctoral Fellow of the National Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 

1 4-(p-erythro-Trihydroxypropy])imidazole. 

4-(2-Keto-3-hydroxypropy])imidazole. 
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Il II 
HC—N HC—N 
| 
| CH CH | CH 
C—N C—N C—N 
| | 
HCOH CH, CH, 
| 
HCOH O C=O O HC—NHiH. O 
| | 
CH.O—P—OH CH.O—P—OH CILO P—OlH 
| 
OH OH OH 
Imidazoleglycerol Imidazoleacetol Histidinol 
phosphate (IGP) phosphate (IAP) phosphate 


4 days growth, the culture was filtered through cheese-cloth, and the 
mycelium washed with distilled water, squeezed dry, and frozen in dry ice. 
The frozen mycelium was broken up with a hammer, and a mixture of the 
mycelium pieces and dry ice was reduced to a fine powder in a Waring 
blendor. The still frozen powder was then slowly added to boiling water 
(about 200 ml. per 100 gm. of squeezed mycelium) to extract the esters. 
Neurospora is rich in phosphatases, and it 1s important to keep the my- 
celium powder frozen until it is added to the boiling water. After sim- 
mering for several minutes to destroy the phosphatases and to coagulate 
the protein, the mixture was centrifuged and reextracted with half again 
as much boiling water. The combined supernatant solutions were brought 
to pH 9 with ammonia, filtered, and put on a quaternary ammonium salt 
ion exchange resin (Dowex | formate) which had been washed with dilute 
aqueous ammonia to insure the binding of all the histidinol phosphate. A 
typical elution diagram is given in Fig. 1. The phosphate esters were held 
back on the Dowex column while the dephosphorylated imidazoles, which 
make up the bulk of the accumulated imidazole compounds, passed through. 
The Pauly test, used for assaying the imidazoles, is only semiquantitative, 
as each imidazole gives a slightly different color. Tyrosine gives a Pauly 
test and appears as a small peak in front of the IGP-IAP peak. Imidazole- 
acetol phosphate is eluted directly after the imidazoleglycerol phosphate, 
and, as Is the case in the experiment shown in Fig. 1, sometimes these ap- 
pear as a single peak. 

Further purification of the compounds was accomplished on Dowex 1 
chloride columns. The fractions comprising each peak in the formate 
column eluate were combined and then lyophilized until all of the ammon- 
ium formate was removed. Each fraction was taken up in water, brought 
to pH 9 with ammonia, and adsorbed on an 82 X 2.5 em. Dowex 1 chloride 
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column which had been previously washed with water until the effluent was 
less than 0.0002 N in acid. Gradient elution was used with 0.02 nN HCl in 
the reservoir and 2 liters of water in the mixing chamber. The IAP-IGP 
peak was fairly well resolved on this column, and the two esters were con- 
centrated by lyophilizing, and each further freed of traces of the other ester 
by repeating the chromatography on Dowex | chloride. The elution may 
be followed with either the quantitative diazo test, as in Fig. 1, or with the 
same reagent in a spot plate. Specific quantitative methods for the de- 
termination of imidazoleacetol phosphate and imidazoleglycerol phosphate 


OPTICAL DENSITY 


HISTIDINOL 
PHOSPHATE “TYROSINE IGP 


TUBE NUMBER 

Fic. 1. Separation of the acidic components of an extract of 235 gm. of C141 
mycelium. The resin column used was a 3.5 &* 42 em. Dowex 1 (10 per cent cross- 
linked) formate column, which was prewashed with a liter of aqueous ammonia (pH 
9). The eluted fractions (28 ml. per tube) were assayed for imidazole compounds by 
the Pauly test. To an 0.5 ml. aliquot in a colorimeter tube were added 0.5 ml. of 5 
per cent sodium carbonate and then 0.5 ml. of diazosulfanilic acid reagent (3). The 
reaction was allowed to proceed for 5 minutes, and then 5 ml. of 5 per cent sodium 
carbonate were added and the tubes read in a Coleman junior spectrophotometer 
at 480 mu. 


are described in subsequent sections, and these methods were also used 
in following the purification. 

Mutant C141 accumulates all three esters while mutant C84, which is 
blocked earlier in the sequence, accumulates only imidazoleglycerol phos- 
phate. No phosphate esters were observed in the mycelium of mutant 
T1710, perhaps because of very active phosphatases. A double mutant 
C141-T1710 was found, like C141, to accumulate all three esters. 


Paper Chromatography of Accumulated Imidazole Compounds 


The paper chromatography of imidazoles and the use of a diazosulfanilic 
acid indicator spray have been described previously (3) and the Ry values 
of some of these compounds in propanol-ammonia and propanol-acetic acid 
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solvents have been listed (2). In Table I are the Rr values for the various 
isolated phosphate esters and dephosphorylated compounds. After a chro- 
matogram has been sprayed with the diazosulfanilic reagent and sodium 
carbonate, a 5 per cent copper sulfate spray changes the red spots of imid- 
azoleacetol and imidazoleacetol phosphate to dark green. None of the 
other compounds will reduce copper. 

Imidazolegiycerol Phosphate—The ester was purified by chromatography 
on two Dowex 1 chloride columns. The column effluent containing the 
ester was lyophilized and the residue dissolved in a small amount of water. 
This solution was used in further studies. 


TABLE I 
Rp Values of Various Diazo-Reacting Compounds from Neurospora 
Substance Formic acid solvent Formix solvent 
Imidazoleglycerol phosphate.................... 0.27 0.15 
0.37 0.16 
Imidazoleacetol phosphate...................... | 0.39 0.19 


Ascending chromatograms in methanol-chloroform-10 per cent formic acid 
(3:3:1) and in ¢-butanol-50 per cent formic acid (7:3) (Formix). 


A barium salt was made from part of this solution by neutralizing it to a 
brom thymol blue end-point with a saturated barium hydroxide solution. 
The salt was precipitated with 4 volumes of ethanol and 2 volumes of ace- 
tone. The barium salt had a ratio of 1.03 P to 2.00 N atoms.‘ 

On paper chromatography of the ester (Table I), only one spot was ap- 
parent with the diazosulfanilic spray or a phosphate ester spray (4). On 
treatment with a highly purified potato phosphatase’ for 10 minutes at pH 
5, or on hydrolysis in 6 n HCl at 100° overnight, a new compound appeared 
with the same Ry value as imidazoleglycerol in the propanol-ammonia, 
propanol-acetic acid solvents (2), and in the formic acid solvent (Table I). 
The stability of this compound to acid hydrolysis suggested that the phos- 
phate group was esterified on the primary hydroxyl group. This was es- 


* Analysis carried out in the Microanalytical Laboratory under the direction of 
Dr. W. Alford. 

’ Prepared in conjunction with Dr. A. Weissbach and Dr. G. Ashwell according 
to an unpublished procedure of Dr. A. Kornberg. 
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tablished by treating the imidazoleglycerol phosphate with sodium meta- 
periodate. Both imidazoleglycerol and imidazoleglycerol phosphate, on 
treatment with periodate, yield imidazoleformaldehyde,® which was iden- 
tified by its absorption maxima at 237 mu (e = 7100) in 0.1 N HCl, 256.5 
mu (e = 11,800) at pH 7.0, and 280 my (e = 14,900) in 0.01 nN NaOH (5). 
Neither imidazoleglycerol nor imidazoleglycerol phosphate has any absorp- 
tion above 240 mu. The imidazoleformaldehyde was also identified by its 
Rr value in several solvents (3). Periodate attacks a glycol only if it is 
unesterified (6), and consequently the phosphate cannot be esterified with 
the secondary hydroxyl groups. In the periodate oxidation of imidazole- 
glycerol phosphate, unlike that of imidazoleglycerol, no formaldehyde is 
liberated, indicating that it is the primary hydroxyl group which is 
esterified. 

A sensitive assay for imidazoleglycerol and its phosphate ester has been 
based on the formation of imidazoleformaldehyde in the periodate reaction. 
To 0.05 ml. of sample (0.01 to 0.1 um) in 4 per cent perchloric acid is added 
0.5 ml. of 0.1 N sodium metaperiodate. The oxidation is complete after 30 
minutes at room temperature, at which time 1.0 ml. of 10 per cent ethylene 
glycol is added to remove the excess reagent and thus the ultraviolet ab- 
sorption caused by the periodate. After 10 minutes, 2 ml. of 0.05 n NaOH 
are added and the absorption read at 280 mu. 

The configuration of the asymmetric carbon atoms in imidazoleglycerol 
was not known when the previous paper on the structure of the unesterified 
imidazoles was written (2). L-erythro-Imidazoleglycerol had been synthe- 
sized from L-arabinose but could not be crystallized. The p-erythro isomer 
has now been synthesized from p-arabinose by the same procedure. <A 
syrup of the synthetic p-erythro isomer crystallized when a seed crystal 
of imidazoleglycerol isolated from Neurospora was added. The crystals 
were triturated with cold acetone and recrystallized from absolute ethanol. 
Only about 50 mg. were obtained from 10 gm. of arabinose. No attempt 
was made to try to improve the synthesis so that a better yield might be 
obtained. In the analogous reaction with hexoses, the expected optically 
active imidazole compound is obtained in each case, despite the low yields 
reported (7). The compound isolated from Neurospora was judged, on the 
basis of the following criteria, to be identical with the synthetic compound 
and thus to have the p-erythro configuration. The data are for the mono- 
hydrochlorides. 

Analysis of the synthetic compound, 


Calculated. C 37.10, H 5.67, N 14.43 
Found. 37.15, 6.09, 14.24 


6 A sample of this compound was kindly obtained from Dr. H. Tabor. 
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Neurospora compound, m.p., 103-103.5°; synthetic’ p-erythro compound, 
m.p., 102.5-103°; mixed m.p., 102.5-103°. 

The optical rotation of the Neurospora compound was [a]*p° +13.3° 
(c 7.5, water); of the synthetic compound, [a]’}° +13.0° (¢ 7.5, water). 
The order of magnitude and the sign of the molecular rotation are con- 
sistent with Richtmyer’s benzimidazole rule for p-erythro compounds (8). 

Both compounds formed rosettes of prismatic needles upon crystalliza- 
tion. The Rr on paper chromatograms of the synthetic compound was 
identical with that of the isolated compound in each of the several solvents ‘ 
used. The two compounds show the same behavior on the Dowex 50 
column (2). 

Imidazoleacetol Phosphate—Following isolation from the Dowex 1 for- ) 
mate column, this ester was purified by passage through two Dowex 1 
chloride columns as described. The compound gave a single spot on chro- 
matograms when sprayed with diazosulfanilic acid, with the copper sulfate 
reagent, or with the Bandurski-Axelrod phosphate ester spray (4). On 
treatment with purified potato phosphatase, or with 4 xn HCl for 30 minutes 
at 100°, the compound is completely hydrolyzed to imidazoleacetol, as 
indicated by its Ry in the solvents described and its absorption spectrum 
in alkali. Imidazoleacetol has no ultraviolet spectrum in neutral or acidic 
solution above 240 mu. However, when alkali is added, a peak appears at 
370 mu (e = 10,400). The appearance of the 370 mu peak is presumably 
due to enolization of the carbonyl function and consequent conjugation 
with the imidazole ring. Compounds which have this conjugation, such 
as imidazoleacrylic acid (urocanic acid), show strong ultraviolet absorption 
(9). The time curve for appearance of this 370 my absorption is given in ) ‘ 
Fig. 2. The slow disappearance after the maximum is reached may be due ( 
to cyclization or polymerization. Imidazoleacetol phosphate does not give 
this 370 my peak in alkali, but, following removal of the phosphate group 
by acid hydrolysis, a typical imidazoleacetol behavior in alkali can be 
shown (Fig. 2). The ease of hydrolysis of the phosphate ester is as would ( 
be expected from a phosphate ester with an adjacent carbonyl! function. 
Methy! tetrose-1-phosphate, for example, is half hydrolyzed after 30 min- | 
utes at 100° in | nN HCI (10). | 


OPTICAL DENSITY AT 370 My 


The appearance of ultraviolet absorption has been used for a specific 
quantitative method for imidazoleacetol phosphate. To a test-tube con- 


taining 0.2 ml. of sample in 4 per cent perchloric acid (or in water) is added ( 
0.1 ml. of concentrated HCl The tube is capped with a marble and | 

heated for 30 minutes in a steam bath to hydrolyze the ester. Then 3 ml. | 
of 3 N sodium hydroxide’ are added to the cooled tube, and readings at 370 \ 


7 Weak alkali does not give as strong an absorption, presumably because a proton 
is still present on one of the nitrogen atoms. The imino group has a plx of 13 in 
urocanic acid (9). | 
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my are taken every minute until the absorption reaches a maximum (Fig. 
2). A sodium hydroxide blank is used. 

The ester contains one phosphate group for each imidazoleacetol group, 
as determined from a hydrolysis curve in dilute acid (Fig. 3). The ratio 
of inorganic phosphate to free imidazoleacetol was 1.0 at 1.5 hours, 1.1 
at 2.5 hours, 1.0 at 5.5 hours, and 1.1 at 9.5 hours, at which time the com- 
pound was completely hydrolyzed. 

Histidinol Phosphate—This compound was purified on several Dowex 1 
chloride columns as described. Its early elution from Dowex 1 columns is 


OPTICAL DENSITY AT 370 My 


4 100 
= 
| sof 
p M IMIDAZOLE ACETOL = 
M IAP + x 6OF 
iol! M IAP AFTER HYDROLYSIS | yo} 
IMIDAZOLE ACETOL 
TIME IN MINUTES TIME IN HOURS 
Fig. 2 Fia. 3 


Fig. 2. Knolization of imidazoleacetol in strong alkali. At zero time, 3.0 ml. of 
3. sodium hydroxide were added to 0.1 umole of imidazoleacetol or imidazoleacetol 
phosphate in 0.1 ml. of water. Imidazoleacetol phosphate (0.1 um) in 0.2 ml. of water 
and 0.1 ml. of concentrated HCl were heated for 30 minutes on a steam bath to hy- 
drolyze the phosphate ester. 3.0 ml. of sodium hydroxide were added at zero time. 

Fic. 3. Hydrolysis of imidazoleacetol phosphate (0.1) wmole per ml.) in 0.1 N 
HCL at 100°. Inorganic phosphate was measured by the Fiske-Subbarow procedure 
(11) and imidazoleacetol by the 370 my absorption in alkaline solution. 


consistent with the behavior expected from an a-amino phosphate ester. 
A single spot is apparent with ninhydrin, the diazo reagent, or the phos- 
phate ester reagent. On hydrolysis by acid or phosphatase, a compound 
having the same Fy as histidinol appears. Treatment with nitrous acid 
gave a new compound which, when hydrolyzed with phosphatase, had the 
same FR, as imidazolepropanediol (2). This indicates that it is the hy- 
droxyl group rather than the amino group which is esterified. 

The phosphate ester is not active with Adams’ purified L-histidinol de- 
hydrogenase (12). On HCl hydrolysis, however, a compound is formed 
which does reduce DPN in the presence of this enzyme.’ This enzyme is 
apparently specific for L-histidinol and is inactive with p-histidinol. 

* We are indebted to Dr. IX. Adams for testing these compounds with his enzyme 
preparation and for a generous sample of synthetic L-histidinol. 
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Histidinol phosphate has been synthesized by reaction of L-histidinol 
with polyphosphoric acid? by the method used by Cherbuliez and Weniger 
(13) for synthesizing ethanolamine phosphate. Approximately 50 per cent 
yield of a hygroscopic glass was obtained. Most of the unchanged his- 
tidinol could be recovered on passage through a Dowex 1 chloride column. 
This synthetic compound has the same Fy as the isolated compound in 
the solvents used. Both the synthetic and isolated phosphate esters can 
be almost completely converted to imidazoleacetol phosphate by an en- 
zyme from Neurospora in the presence of a-ketoglutarate. This reaction 
is reversible and does not work with the unphosphorylated compounds (14). 
This serves as further proof of structure. 


2 100 + 
ao |. POTATO PHOSPHATASE _ 
@ WATER (pH~45) 100° 
© IN HCI 100° 
= 60 @ IN No OH 100° 
> 40 
lJ 
20 
ac 


TIME IN HOURS 


Fic. 4. Hydrolysis of histidinol phosphate. Each solution contained 4.2 umoles 
of histidinol phosphate per ml. The alkaline hydrolysis was carried out in nylon 
test-tubes, as silicate interferes in the Fiske-Subbarow procedure (11) for inorganic 
phosphate, which was used in each case. The incubation of potato phosphatase was 
carried out in acetate buffer at pH 5.0 in the presence of 0.01 m MgCle. 


The hydrolysis curves of histidinol phosphate in 1 n NaOH, 1 n HCl, 
and in water (pH 4.5) (Fig. 4) correspond closely with those reported by 
Cherbuliez and Bouvier (15) for ethanolamine phosphate. Both of these 
compounds are extremely resistant to acid and alkaline hydrolysis, but are 
more readily hydrolyzed at pH 4.5. 


DISCUSSION 


The finding that imidazoleglycerol, imidazoleacetol, and histidinol are 
accumulated by various histidine mutants of Neurospora, combined with 
information on the order of the mutants in the biosynthesis scheme, impli- 
cated these compounds in the biosynthesis of histidine (1, 2). Conse- 
quently, the phosphate esters of these compounds which have been identi- 
fied and shown to be accumulated in the mycelia of the mutants are likely 


*Sample obtained from the Monsanto Chemical Company as tetraphosphoric 
acid. 


bi 
pe 
e 
N 
p! 
p! 
al 
AC 
pt 
ac 
el 
t 
Cc 
le 
Tl 
f 
h 
\ 
t 
e 
t 


B. N. AMES AND H. K. MITCHELL 695 


biosynthetic precursors of histidine. This cannot be tested by growth ex- 
periments, since Neurospora is impermeable to phosphate esters. How- 
ever, evidence has been obtained for an enzyme in cell-free extracts of 
Neurospora which converts imidazoleglycerol phosphate to imidazoleacetol 
phosphate, and for a second enzyme which transaminates imidazoleacetol 
phosphate to histidinol phosphate in the presence of pyridoxal phosphate 
and glutamate (14). Thus, it appears that these phosphate esters are 
actually intermediates. The inactive non-phosphorylated imidazole com- 
pounds which appear in the growth medium are probably formed from these 
accumulated phosphate esters by the action of various phosphatases pres- 
ent in Neurospora mycelium. 

A path of conversion of histidinol phosphate to histidine is suggested by 
the work of Adams (12) and of Vogel, Davis, and Mingioli (16), which indi- 
cates that histidinol is on the biosynthetic pathway in E. coli. Vogel and 
coworkers showed t-histidinol to be accumulated by one F. coli histidine- 
less mutant and utilized by another. Adams has purified a diphosphopy- 
ridine nucleotide (DPN) enzyme from yeast, from Arthrobacter, and from 
E. coli, which will oxidize t-histidinol to histidine. This enzyme is not 
found in those histidine-requiring coli mutants which are unable to use 
histidinol for growth. Histidinol phosphate probably precedes histidinol 
on the pathway of histidine synthesis. A biosynthetic pathway consistent 
with the Neurospora and F. coli data would be imidazoleglycerol phosphate 
— imidazoleacetol phosphate — histidinol phosphate — histidinol — his- 
tidine. However, none of the Neurospora mutants will use histidinol to 
replace their histidine requirement. This might be a question of permea- 
bility, or it may be that in Neurospora the phosphate group is removed 
after the final oxidation. 

The p-erythro configuration of imidazole glycerol is the same as p-ribose, 
and this suggests that a compound such as ribose-5-phosphate may be the 
early histidine precursor in Neurospora. ‘The ease of chemical synthesis of 
imidazoleglycerol and of other polyhydroxy imidazoles from sugars is of 
interest in this regard (2, 14). 

It would appear that mutant C141 is blocked at a stage between histi- 
dinol phosphate and histidine and that mutant C84 is blocked between 
imidazoleglycerol phosphate and imidazoleacetol phosphate. This ques- 
tion will be discussed more fully in connection with the experiments on en- 
zymatic interconversion of these compounds. 


SUMMARY 


Three phosphate esters accumulated by several histidine-requiring mu- 
tants of Neurospora have been characterized as p-erythro-imidazoleglycerol 
phosphate, imidazoleacetol phosphate, and t-histidinol phosphate. Spe- 
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cific methods for the determination of the first two of these esters are 
given, as well as isolation procedures for all the esters. L-Histidinol phos- 
phate has been synthesized from L-histidinol, and p-erythro-imidazoleglyc- 
erol has been synthesized from b-arabinose. 

The properties of these esters are discussed, as well as the evidence 
pointing to their being intermediates in histidine biosynthesis. 


The senior author wishes to express his appreciation to Dr. B. L. Horeck- 
er, in whose laboratory much of this work was carried out, for his en- 
couragement, hospitality, and many helpful suggestions. 


BIBLIOGRAPHY 
1. Haas, F., Mitchell, M. B., Ames, B. N., and Mitchell, H. K., Genetics, 37, 217 
(1952). 
2. Ames, B. N., Mitchell, H. K., and Mitchell, M. B., J. Am. Chem. Soc., 75, 1015 
(1953). 


3. Ames, B. N., and Mitchell, H. K., J. Am. Chem. Soe., 74, 252 (1952). 

4. Bandurski, R. 8., and Axelrod, B., J. Biol. Chem., 193, 405 (1951). 

5. Turner, R. A., J. Am. Chem. Soc., 71, 3472 (1949). 

6. von Kuler, H., Karrer, P., and Becher, B., Helv. chim. acta, 19, 1060 (1936). 

7. Parrod, J., Compt. rend. Acad., 200, 1049 (1935). 

8. Richtmyer, N. K., Advances in Carbohydrate Chem., 6, 175 (1951). 

9. Mehler, A. H., and Tabor, H., J. Biol. Chem., 201, 775 (1953). 

10. Meyerhof, O., Lohmann, K., and Schuster, P., Biochem. Z., 286, 301 (1936). 

11. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

12. Adams, E., J. Biol. Chem., 209, 829 (1954). 

13. Cherbuliez, k., and Weniger, H., Helv. chim. acta, 29, 2006 (1946). 
14. Ames, B. N., and Horecker, B. L., in McElroy, W. D., and Glass, B., A symposium 

on amino acid metabolism, Baltimore, in press. 

15. Cherbuliez, I-., and Bouvier, M., Helv. chim. acta, 36, 1200 (1953). 
16. Vogel, H. J., Davis, B. D., and Mingioli, kh. S.,./. Am. Chem. Soc., 73, 1897 (1951). 


T 
( 
ni 
te 
v2 
W 
al 
d 
p 
Vv 
re 
( 
a 
\ 
() 
| 
il 


THE PREPARATION OF RIBONUCLEOPROTEIN FROM YEAST* 


By ROBERT A. BONART anp EDWARD L. DUGGAN 
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of Medicine, Berkeley, California) 


(Received for publication, August 2, 1954) 


The present work was undertaken to study the distribution of yeast 
nucleoprotein in cell fractions after centrifugal separation, and to define 
conditions of extraction and purification in order to obtain the nucleopro- 
tein in a relatively undegraded state. Bakers’ yeast (Saccharomyces cere- 
visiae) is the classical source of ribonucleic acid (RNA), but relatively little 
work has been reported on the nucleoproteins of this organism. Khouvine 
and de Robichon-Szulmajster (1) have isolated nucleoproteins from yeast 
by extraction with 0.2 per cent sodium bicarbonate. The cells had been 
dried with acetone and ether at —10° and ground in a cold ball mill. 
Three nucleoprotein fractions were obtained by precipitation at 4.96, 4.32, 
and 2.25 pH. These authors have reported on the composition of the 
protein (1) and nucleic acid (2) components and have described the effects 
of some variations of yeast strain and treatment (2, 3). The presence in 
yeast of submicroscopic particles rich in pentose nucleic acid has been 
reported by several workers (4-7). 

This paper reports the composition of several centrifugal fractions of 
ground yeast and of a nucleoprotein material isolated by pH adjustment. 


EXPERIMENTAL 


Yeast--Commercial bakers’ pressed yeast was generously donated by the 
Consumers Yeast Company, Oakland, California. It had been grown on 
an aerated molasses wort supplemented with ammonium and phosphate 
ions. The yeast was stored at 4° and was used within a few days of har- 
vesting. 

Total Nitrogen—Total nitrogen was determined by a Kjeldahl method. 

Total Phosphate—Total phosphate was determined by a modification of 
the method of Griswold, Humoller, and McIntyre (8), with p-methylamino- 
phenol sulfate as the reducing agent (9). This reagent, commonly used as 

* Taken in part from a thesis presented by Robert A. Bonar in partial fulfilment 
of the degree of Doctor of Philosophy from the University of California Graduate 
School. This investigation was supported in part by a research grant from the 
National Institutes of Health, United States Public Health Service. 

t Predoctoral Fellow, United States Public Health Service. Present address, 
Department of Physiological Chemistry, Medical Center, University of California 
ut Los Angeles, Los Angeles 24, California. 
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a photographic developer, has better stability in storage than the amino- 
naphthol sulfonate used by Griswold et al. (8). The concentrations of the 
other reagents were changed and the heating time was lengthened. 

Ribonucleic Acid—An assay method based on ultraviolet spectropho- 
tometry was chosen, since yeast contains metaphosphate and non-nucleic 
acid pentose which may interfere with RNA determinations based on 
phosphorus determinations (10) or pentose estimations (11). 

The method was developed from that of Scott and Fraccastoro as re- 
ported in abstract form (12) for tissue sections. The material, containing 
50 to 500 y of RNA, was extracted twice with 0.2 Nn perchloric acid to 
remove acid-soluble nucleotides. It was then washed once with ethanol 
and twice with ethanol-ethyl ether (3:1, volume by volume) to remove 
lipide materials. The residue was treated with 1 Nn sodium hydroxide for 
1 hour at room temperature. The solution was acidified with perchloric 
acid (to a final concentration of 0.2 nN hydrogen ion) to precipitate protein 
and deoxypentose nucleic acid (DNA). The precipitate was washed twice 
with 0.2 n perchloric acid. 

The combined extract and washings were neutralized with sodium hy- 
droxide and brought to 5 or 10 ml. volume with phosphate buffer (pH 7). 
The optical density of the solution was determined at 260 my and corrected 
for the density of a blank which lacked the tissue sample. The extraction 
and washing procedure used 1 ml. volumes in 10 K 75 mm. culture tubes 
at room temperature. The precipitates were separated by centrifugation. 

As a standard, commercial yeast nucleic acid, which had been deprotein- 
ized according to Sevag, Lackman, and Smolens (13), dialyzed, and ly- 
ophilized, was used. It was subjected to the hydrolytic conditions of the 
method. Extraction of yeast for varying periods of time indicated that 
1 hour was optimal. 

The assay procedure was applied to a sample of thymus DNA provided 
by Dr. N. 8. Simmons. The results, presented in Table I, indicate that 
the acid extraction and precipitation steps of the procedure should be 
accomplished at 24°. Perchloric acid and, to a lesser extent, hydrochloric 
acid and trichloroacetic acid slowly degrade DNA to acid-soluble frag- 
ments. The acids also render the DNA relatively susceptible to alkaline 
hydrolysis. After pretreatment with 0.2 n perchloric acid at room tem- 
perature for about 40 minutes (the time required for the two acid extrac- 
tions of the regular assay procedure), 20 to 40 per cent of the DNA was 
degraded to acid-soluble fragments by 1 N sodium hydroxide at room 
temperature for 1 hour. The data indicate that the alkaline hydrolysis 
of DNA in this procedure is minimal if the acid pretreatment is carried out 
at low temperature. The results were checked with rat liver deoxypentose 
nucleoprotein (15) and calf thymus nucleohistone (16), contributed by Dr. 
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R. Brunish. The degradation of DNA on alternate exposure to acid and 
alkali may lead to derivatives related to apurinic acid (17), with the sub- 
sequent rapid alkaline hydrolysis to yield acid-soluble nucleotide (18). 

When crystalline bovine serum albumin was carried through the proce- 
dure to give an indication of the extent of protein hydrolysis, negligible 
amounts appeared in the final solution. A test was made for possible 
adsorption of ribonucleotide material on the precipitated protein after 
alkaline hydrolysis and acidification. Repetition of the alkali and acid 
treatments yielded very little additional ultraviolet-absorbing material, 
indicating negligible adsorption of nucleate on this precipitate. 


TABLE 
Degradation of Calf Thymus Deoxypentose Nucleic Acid* by Alkaline Hydrolysis after 
Acid Pretreatment 


Temperature Immediately : 
; of acid pptn. | acid-soluble Apparent RNAt Apparent DNA 
Acid | Temperature 
| _ 3 c. per cent | per cent | per cent 
0.2n HCIQ,....... 20-25 20-25 5 40 55 
> 20-25 20-25 3 30 6S 
§% TCA....... 20-25 | 20--25 | 37 | 59 
0.25 nN HCIO,..... 4 4 1 2 97 


20-25 4 


* The sample of calf thymus deoxypentose nucleic acid, provided by Dr. N. 8. 
Simmons, was prepared as described by Simmons et al. (14). 

t ‘‘Apparent RNA”’ is the designation for the fraction of deoxypentose nucleic 
acid rendered acid-soluble after the indicated acid pretreatment and the standard 
hydrolysis in 1 Nn NaOH for 1 hour at room temperature. 


Any method of nucleic acid analysis which involves the separation of 
“nucleic acid” from acid-soluble nucleotides or other small nucleotides is 
empirical in the absence of more precise definition of the boundary between 
the two fractions. The boundary is set by means of fractionation, in this 
case the insolubility of nucleic acid or nucleoprotein in 0.2 N_ perchloric 
acid. The lower size limit set by this means is not known. It is also 
unknown whether configuration or composition is a factor in this separa- 
tion. 

Yeast Grinding—The yeast was ground with 23 times its weight of levi- 
gated alumina in a porcelain mortar at 24° (19). Cell counts of the 
ground yeast, after staining with Lugol’s iodine solution, indicated that 
65 to 75 per cent of the cells was broken. In addition to cells which appear 
to be entirely normal, others show degrees of breakage from deformed cells 
to empty cell wall ghosts. 
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Centrifugal Fractionation—Centrifugal conditions are expressed by the 
performance index (P;) proposed by Pickels (20), or by the product of 
centrifugation time (minutes) and this index (¢ & P;). The performance 
index provides a more precise comparison of centrifugal conditions for 
various rotors or centrifuges than is possible with either relative centrifugal 
force or rotational speed (r.p.m.). It is defined by the equation 


(r.p.m.)? 
log. R. — log, 


in Which /?, is the maximal radial distance and FR, is the minimal distance, 
the latter being a function of liquid level in the centrifuge tube. Table II 
lists the machines, the speed, centrifugal force, and time corresponding to 
the ¢ & P; values used. 


TaBie Il 
Summary of Centrifugal Conditions 
Relative 
Machine centrifugal force Time tX 
(average) 
| min. 
International PR-1 rotor No. 2,000 620 20 1.2 
2s4 
Spinco L rotor No. 21 8,100 4,300 20 20 
15,000 22,600 | 30 97 
21,000) 44,000 20 127 
Spinco L rotor No. 40 40,000 105 ,000 100 2430 


40,000 105,000) 120 2920 


The ground yeast was suspended in distilled water (4 ml. per gm.) and 
stirred 30 to 60 minutes. The suspension was centrifuged at t & P; = 
1.2 X 10° to sediment alumina, whole cells, and coarse débris. The super- 
natant fluid, called the yeast extract, was lyophilized. Portions of this 
extract were resuspended in distilled water for further centrifugation. 

Preparation of Nucleoprotein by pH Adjustment—For comparison with 
the centrifugal fractions, a nucleoprotein material was extracted by stirring 
ground yeast with water for 2 hours, maintaining the pH at 7.0 with so- 
dium hydroxide. The suspension was centrifuged at ¢ & P; = 97 * 10°. 
The pH of the supernatant fluid was adjusted to 4.0 with hydrochloric 
acid, stirred for 1 hour, and centrifuged as before. The pellet: was sus- 
pended in water, the pI adjusted to 7.0, and the process repeated. The 
solution was dialyzed 17 hours against flowing glass-distilled water with 
stirring, and was then lyophilized. All operations were carried out at 
about 4°. 
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Results 


Centrifugation of the ground yeast and alumina at ¢ X P; = 1.2 X 108 
gives a sediment containing the alumina and whole cells and coarse débris. 
This fraction is referred to as the initial residue. Centrifugation at ¢ xX 
P; = 20 X 10° gives a rather small, buff-colored, opaque pellet consisting 
of microscopically visible particles. ¢ X P; = 2920 X 108 yields a reddish 
brown translucent pellet which contains very few particles which are vis- 
ible with the light microscope. The supernatant fluid is very faintly 
cloudy and has a whitish floating layer which mixes readily with the body 
of the liquid. It has not been possible to separate this floating layer 
cleanly. The distribution of components in the centrifugal fractions in a 


TaBLeE III 


Distribution of Material in Centrifugal Fractions of Yeast 


| Per cent of component of original dry sample 

Pé(X10) | Dry weight | TotalN Total P RNA 
Initial residue*..............| 1.2 | 58 | 55 | 88 58 
Low speed pellet............ | 20 «CO 2 | 1 | 1 1 
Supernatant fluid.......... 2920 | 2818 6 


* The values are determined by the difference between the ground yeast suspen- 
sion and the first supernatant fluid, since it is difficult to sample the alumina-con- 
taining sediment. 


typical experiment is given in Table III. The composition of the fractions 
is given in Table LV. 

The composition of the nucleoprotein material isolated by pH adjust- 
ment is shown in Table IV. The yield of nucleoprotein was 1.8 per cent 
of the yeast (dry basis) and it contained 6.1 per cent of the total yeast 
RNA. 

Effects of Storage—The problem of storage is critical because it is impos- 
sible to do all the required analyses immediately while continuing the 
fractionation scheme. The variables introduced by different degrees of 
cell breakage, possible differences in stirring efficiency, ete., preclude the 
use of different fresh preparations for each analysis in a comparative series. 

Lyophilizing was chosen as the method least likely to affect the mate- 
rials under study, although loss of solubility of small particle fractions upon 
freezing and drying was noted by Claude (21). Pirie (22) found that 
freezing whole tobacco leaf caused a lowered yield of nucleoprotein. Ly- 
ophilized yeast fractions were found to contain 2.6 to 4.6 per cent moisture, 


702 PREPARATION OF YEAST RIBONUCLEOPROTEIN 


as determined by drying at 110°, 30 mm. of Hg pressure, for 5 hours. This 
amount of moisture may be sufficient to permit significant enzyme action 
to occur. Such action, however, is very much slower than with the moist 
material. For example, in a fresh sample of the nucleoprotein prepared 
by pH adjustment, less than 5 per cent of the nucleotide material was 
soluble at pH 4. After storage of the lyophilized sample at 4° for 1 year, 
about 20 per cent of the nucleotide was soluble at pH 4. After storage in 
water solution at 4° for 1 week, the acid-soluble nucleotide was 66 per cent. 


TaBLe IV 
Composition of Fractions from Y east 


Per cent of dry weight of fraction Weight ratios 
Centrifugation 
Fraction | | | 
Pi (X10 RNA/ RNA P/ 
| Total N | _ Total P RNA | 
total N | total P 


— 


suspension. . 9.6 | 1.16 6.66 0.70 | 0.55* 
Extract 12 #£=+10.1 #1.14 6.54 0.65 £0.54 
Low speed pellet. . el 20 4.9 | 0.75 2.05 0.42 0.26 
High 2920 11.2 2.40 19.7 | 1.75 0.78 
Supernatant fluid. 2920 0.88 1.61 0.14 0.17 


Nucleoprotein prepared by 


pptn. at pH 4, solution | 


* Calculated on the basis of 9. 5 per cent P in RNA. 
t Calculated as before; the remaining P is the phosphate of acid-soluble nucleo- 
tide. 


DISCUSSION 


The method of grinding was one of the chief difficulties in this study. 
The grinding must be vigorous in order to break the tough cell walls that 
internal structures may also be disrupted, a problem which has been em- 
phasized by others (7, 23). Also, the incomplete cell breakage makes it 
difficult to study the coarse débris fraction, especially since alumina is also 
present. More complete cell breakage could be obtained with improved 
grinding, but the problem of concomitant breakage of internal structure 
offers no simple solution. 

It is apparent from the data in Tables III and IV that there is a concen- 
tration of RNA in the submicroscopic particle fraction. The unbroken 
cells and coarse débris, sedimentable at ¢ X P; = 1.2 X 10%, included 58 
per cent of the total RNA. Of this quantity, thirty-two parts would be 
considered held in unbroken cells on the basis of microscopic count, the 
remaining twenty-six parts being held with the débris. 

It is possible that most of the RNA in the coarse débris is in submicro- 
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scopic particles held to larger structures by weak attachment. These 
attachments, once broken, would allow the ribonucleoprotein to appear in 
the small particle fraction, without noticeable addition to the large particle 
fraction. It is also possible that most of the RNA in the coarse débris 
fraction is an integral part of cell walls or other large structures. 

The composition of the nucleoprotein material isolated by pH adjust- 
ment is similar to that of the submicroscopic particle fraction. Phosphate 
determinations of pellet and supernatant fractions during the preparation 
by pH adjustment indicated that both aggregation (failure to redissolve at 
pH 7) and disruption (failure to precipitate at pH 4) during manipulation 
contributed to the low yield. 

Additional studies of the properties of the various fractions are being 
pursued. 


SUMMARY 


Bakers’ yeast was ground with levigated alumina and extracted with 
water. The ground yeast was separated centrifugally into four fractions. 
The ribonucleic acid was concentrated in two fractions, the submicroscopic 
particles and the coarse débris. Intermediate size particles and the super- 
natant fluid were relatively poor in ribonucleic acid. A ribonucleoprotein 
material was isolated by precipitation at pH 4 and solution at pH 7. Its 
composition resembled that of the submicroscopic particle fraction. 

In connection with the determination of the RNA content of centrifugal 
fractions and of the ribonucleoprotein, the “apparent RNA” arising from 
thymus DNA subjected to acid precipitation and alkaline hydrolysis treat- 
ments was determined. The “apparent RNA” is a function of the acid 
used and of the temperature during the necessary contact time. 
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THE INCORPORATION OF SULFUR AMINO ACIDS INTO THE 
PROTEINS OF REGENERATING WOUND TISSUE* 


By MARTIN B. WILLIAMSON ann HERBERT J. FROMM 


(From the Department of Biochemistry, Stritch School of Medicine and Graduate School, 
Loyola University, Chicago, Illinois) 


(Received for publication, September 1, 1954) 


Not only the administration of methionine, but that of equivalent 
amounts of cystine as well, has been shown to increase the rate of regenera- 
tion of wound tissue (1-6). Since the conversion of cystine to methionine 
does not occur to any appreciable extent in rats (7, 8), it was considered 
that the deposition of protein in regenerating wound tissue is limited by 
the amount of cystine available for this process. Although regenerating 
wound tissue contains a relatively high concentration of cystine and methi- 
onine, as compared to normal unwounded tissue, the nitrogen content of 
both types of tissue is essentially the same (6, 9). These analyses indicate 
a fundamental difference between the proteins of wound tissue and the 
normal tissue which it is replacing. The incorporation of the sulfur amino 
acids in regenerating wound tissue, as well as the source of these amino 
acids, will be considered in this report. 


EXPERIMENTAL 


In all of the experiments to be reported, female albino rats weighing 
200 + 20 gm. were used. The animals were maintained on a basal diet 
for 5 days prior to wounding. This basal diet consisted of 83 gm. of su- 
crose, 10 gm. of lard, 2 gm. of corn oil, 5 gm. of salt mixture (10), 1 mg. 
of thiamine hydrochloride, 1 mg. of riboflavin, 1 mg. of pyridoxine hydro- 
chloride, 4 mg. of calcium pantothenate, 5 mg. of inositol, 5 mg. of p-amino- 
benzoic acid, 15 mg. of nicotinic acid amide, 25 mg. of choline chloride, 
0.5 mg. of 2-methylnaphthoquinone, 1500 i.u. of vitamin A,' and 210 i.u. 
of vitamin D.' The animals were offered 8 gm. of diet per day, which 
was completely consumed before the next daily feeding, so that the dietary 
intake of all the animals in each experiment was isocaloric. Distilled 
water was permitted ad libitum. After the acclimation period of 5 days, 
the basal diet was altered as will be indicated later. 

On the 6th day, after the removal of the hair on the back of the neck 
and shoulders, the outline of a coin (4 em. in diameter) was made with 


* This work was done under contract with the United States Navy, Office of Naval 
Research. 
1 From oleum percomorphum. 
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ink and the tissue excised down to the fascia, according to the procedure 
described by Paul ef al. (9). At intervals after wounding, the rats were 
killed and samples of regenerating wound tissue, normal skin tissue, mus- 
cle, and liver were obtained. Special care was taken to insure that no 
normal tissue or hair was included with the samples of wound tissue. 

The tissues collected were weighed wet and hydrolyzed immediately in 
20 per cent HCI-50 per cent HCOOH for 24 hours so that minimal destruc- 
tion of the sulfur-containing amino acids resulted (11). Aliquots of the 
hydrolysate were then analyzed for nitrogen (micro-Kjeldahl), cystine + 
cysteine (referred to as cystine) (12), and methionine (13). In the experi- 
ment in which tracer doses of S**-labeled pL-cystine were administered, the 
total S* activity was determined after oxidation of an aliquot of the hydrol- 
ysate with a mixture of HNO; and HCIO, (14). The resulting sulfate 
was precipitated as the barium salt and measured at ‘infinite thickness.” 
The activity was measured by use of a Tracerlab autoscaler and Geiger- 
Miiller tube having a window thickness of 1.4 mg. per cm.?.. The total S*® 
activity in these samples was assumed to be derived from cystine-S*. 

When tracer doses of pLt-methionine, labeled with S**, were given, it was 
assumed that some part of the methionine had been converted to cystine 
before deposition in the tissue proteins. The cystine was separated from 
the methionine in each sample by precipitation as the cuprous mercap- 
tide (15). The S* activity in these fractions was then determined as de- 
scribed above. 

Exhaustive trituration and extraction of the regenerating wound tissue, 
and of the tissue removed to form the wound, with 0.1 n HCI, 0.1 N NaOH, 
or dilute salt solutions resulted in no sulfur-containing compounds which 
were not precipitable with trichloroacetic acid. It was then concluded 
that the sulfur amino acids in these tissues are bound in proteins and do 
not occur in the free form. 


RESULTS AND DISCUSSION 


The first experiment was undertaken to determine the equilibrium level 
of the sulfur amino acids in the regenerated wound tissues. A comparison 
was made with normal unwounded skin tissue. In Fig. 1 is shown the 
methionine, cystine, and nitrogen content of wound tissue from rats fed the 
basal diet, altered to contain 6 per cent casein. At about the 23rd day 
after wounding, the methionine and cystine content of the regenerating 
tissue reaches a maximum and then levels off. These levels of methionine 
and cystine are appreciably higher than those found in the normal skin 
tissue. Thus, in the wound tissue, at the maximal level, the methionine 
content was about 6.3 mg. and the cystine content about 8.2 mg. per gm. 
of wet tissue. In the normal tissue, 4.6 mg. and 3.0 mg. per gm. of wet 
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tissue were found for methionine and cystine, respectively. By the 20th 
day after wounding, the nitrogen content of the wound tissue was at its 
highest level (37.2 + 1.8 mg. per gm.) compared to the nitrogen content of 
normal tissue (40.0 + 2.1 mg. per gm.). The results of the analyses for 
nitrogen are in essential agreement with those reported previously (9). 

It is obvious that the newly synthesized proteins in the wound tissue are 
quite different from those which are being replaced. Further, at least two 
distinct types of protein are being synthesized in the wound tissue which 
are distinguishable by their amino acid content. During the early stages, 


MG. PER GRAM 


DAYS 


Fic. 1. The concentration of cystine + cysteine, methionine, and nitrogen in 
regenerating wound tissue plotted against days after wounding. Methionine and 
cystine + cysteine values are plotted as mg. per gm. of wet tissue. Nitrogen values 
are in mg. X 10°! per gm. of wet tissue. @, cystine + cysteine; O, methionine; 
@, nitrogen. 


the main type of protein being synthesized contains a larger proportion of 
methionine than cystine. Later on, proteins containing a higher percent- 
age of cystine than methionine are produced in the wound tissue. 

Upon reaching the maximal levei, the sulfur amino acid content of the 
wound tissue appears to remain constant. Even 31 days after wounding, 
there is no indication that the level of these amino acids will fall to that 
found in the normal skin tissue. It should be pointed out that, after 31 
days, the difficulty of visually distinguishing the regenerated from the nor- 
mal unwounded tissue is so great that it is not feasible to carry the experi- 
ment further. The possibility exists, of course, that at a later time the 
sulfur amino acid content of the wound tissue may be altered. 

The differences in the metabolism of the sulfur amino acids in wounded 
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and normal rats were studied with the use of S*-labeled pL-cystine and 
pi-methionine. The use of these compounds permits an insight into the 
alterations in protein metabolism, protein turnover, and mobilization 
caused by injury. 


TABLE I 
Methionine, Cystine, and Nitrogen Content of Tissues in Wounded and Normal Rats 


All values are in mg. per gm. of wet tissue. Each value represents replicate deter- 
minations of the tissue of ten rats. 


Wounded Normal 
Days after 
Methionine Cysteine N Methionine Cysteine | N 
Wound 
7 3.8+0.5 2.8 + 0.319.0 + 0.9 | 
1l 4.1+0.3 5.1 + 0.4 23.1 +1 3 
14 5.5 + 0.3) 7.3 + 0.228.2 + 1.4 | 
Skin 
7 4.324 0.2 2.9 + 0.141.7 + 1.9 4.7 + 0.4 3.0 + 0.341.2 + 1.1 
11 3.9 + 0.2 2.7 + 0.441.383 + 1.2 4.6 + 0.4 2.7 + 0.341.3 + 1.4 
14 4.52 0.2 2.8 + 0.241.9 + 1.1 4.4 + 0.4 2.9 + 0.340.9 4+ 2.6 
Muscle 
7 6.9 + 0.5 3.7 + 0.236.1 + 1.3 7.3 4 0.7 3.9 + 0.337.4 Sua 
11 6.6 + 0.3 3.7 + 0.336.4 + 1.0 6.6 + 0.5 3.9 + 0.535.7 + 1.4 
14 (6.35 + 0.5 3.7 + 0.135.38 + 1.5 6.5 + 0.5 3.8 + 0.437.6 1.2 
Liver 
7 6.5 + 0.6 4.8 + 0.333.7 + 1.0 6.5 + 0.4 4.5 + 0.433.6 
ll 5.1 + 0.4 4.4 + 0.332.8 + 1.0 6.5 + 0.6 4.7 + 0.233.6 + 1.1 
14 4.6 + 0.2 4.5 + O0.328.8 + 1.3 6.1 4 0.5 4.7 + 0.432.7 + 6 


Two groups of thirty rats were fed the basal diet supplemented with 1 
gm. of cystine per kilo of diet. The rats in one group were wounded with 
the standard wound, and, at intervals of 7, 11, and 14 days after wounding, 
one-third of the animals in each group were killed and the tissue was ana- 
lyzed. 5 days after wounding, each rat was injected intraperitoneally with 
a tracer dose of pL-cystine-S*® (1.01 Xx 10° ¢.p.m.). Table I shows the 
data on the methionine, cystine, and nitrogen content of wound, skin, 
muscle, and liver tissue from the wounded and normal rats. 

The results of the analyses for regenerating wound tissue in Table | 
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follow the pattern plotted in Fig. 1. Although the cystine content of the 
skin, muscle, and liver tissue remains essentially constant, there is a marked 
and significant decrease in the liver methionine of the wounded rats com- 
pared with that found in the livers of the normal control rats. Undoubt- 
edly there is a loss of cystine from the livers of the wounded rats, as is 
indicated by the results obtained in the following part of the experiment. 
However, the loss of cystine from the liver is evidently balanced by replace- 
ment with cystine from other sources, such as synthesis from methionine or 
from the diet, giving a net level of cystine which appears to remain un- 
changed. Similar effects were observed in wounded rats fed a protein-free 
diet supplemented with pi-methionine. These results may be taken to 


TaBie II 
S*® Activity of Tissues in Wounded and Normal Rats after Administration of 
Cystine-S** 
The figures are calculated in counts per minute per gm. of wet tissue and are 
corrected for decay. Each value represents duplicate determinations of the tissue 
of ten rats. 


| | | 


oe Wound | Skin | Muscle Liver 
7 | «(5475 371 135 | 10 7650 + 135 
11 «4560 + 80 | 2060+ 95 1510 + 100 4695 + 130 
14 4350+ 80 1775 + 85 1470 + 85 | 3445+ 75 
7 | «2070 + 125 1970 + 90 7805 + 115 
11 | 2585 + 100 1715 + 65 5965 + 120 
14 | 1740 + 110 1545 + 50 4315 + 140 


mean that methionine from the liver is one of the principal tissue sources 
for the sulfur amino acids of regenerating wound tissue. 

Table II presents the activity of the cystine-S* in the tissue studied. 
There appears to be a rapid uptake and loss of the label by the regenerating 
wound tissue. Between the 7th and 14th day after wounding, there is a 
70 per cent decrease in the specific activity of the wound tissue samples. 
This effect may be due either to the fact that there is a rapid accretion of 
wound protein and wound cystine during this time (as shown in Fig. 1 and 
Table I) or to protein turnover in the wound tissue, or both. It seems 
likely that the accretion of cystine in the wound protein has the greatest 
influence in causing this decrease in specific activity. 

There appears to be a marked loss of S* activity in the other tissues as 
well. Since the level of cystine in these tissues remains almost constant, 
this decrease in activity must be attributed to protein turnover and label 
dilution by the dietary cystine. The differences in the loss of S** activity 
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between the liver tissue of the norma! and wounded rats are statistically 
significant. It would then follow that wounding has the effect of stimulat- 
ing sulfur metabolism. 

Another experiment was run on two similar groups of rats which were 
maintained on the basal diet over the whole experimental period. These 
animals were given 5.90 & 10° ¢.p.m. of pL-methionine-S* intraperitone- 


TaBLe III 


Distribution and Specific Activity of Methionine-S*® and Cystine-S® in Wounded and 
Normal Rats after pu-Methionine-S*® Administration 


Wound tissue Liver 
Days after wounding 
Activity* Activity* 
Methionine-S** 
5 3630 + 110 5.30 5350 + 200 3.15 
2420 + 2.82 4340 + 175 2.83 
13 1375 + 60 1.35 - 3470 + 110 2.62 
5 4750 + 90 2.82 
4350 + 2.72 
13 3940 + 85 2.57 
Cystine-S* 
5 2630 + 95 4.10 5000 + 210 4.46 
8) 2430 + 110 2.40 3140 + 160 2.76 
13 2480 + 75 1.83 2080 + 190 2.61 
5 5020 + 175 4.40 
q 3060 + 150 2.85 
13 3010 + 110 2.84 


* Calculated in counts per minute per gm. of wet tissue and corrected for decay. 
T Specific activity = (¢.p.m. per gm. of tissue)/(mg. of cystine- or methionine- 
per gm. of tissue) 


ally. The other details of the experimental procedure were generally the 
same as those in the experiment previously described, except that the 
pL-methionine-S*® was given 4 days after wounding and the animals were 
sacrificed on the 5th, 9th, and 13th day after the wound was made. The 
results of the tissue analyses were found to be very similar to those re- 
corded in Table I. The activity of the various tissues was also determined 
after fractionation of the S* into methionine and cystine fractions. The 
S*® activity of both fractions from the samples of skin and muscle tissue 
from the wounded and normal rats showed parallel rates of decrease. 
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Table II] presents the data on the activity of S* in fractions of liver and 
regenerating wound tissue. It is to be expected that the methionine ac- 
tivity should initially be higher than that associated with the cystine frac- 
tion in all the tissues, since methionine-S*® was administered. There 
appears to be a marked and relatively rapid loss of activity in the methi- 
onine fraction of the wound tissue. On the other hand, the cystine-S* 
activity of the wound tissue remained almost constant throughout the 
experimental period, although the specific activity was decreasing. This 
may be explained by the assumption that the cystine-S* which is lost 
from the wound protein, owing to protein turnover, is being approximately 
replaced by labeled cystine formed from the label in the methionine re- 
leased by other tissues. This acquisition of S* in the form of cystine could 
hardly be expected to keep up with the deposition of non-labeled cystine 
in the wound protein, resulting in a constantly decreasing specific activity. 

The uptake of methionine-S* and its loss by the livers of the wounded 
rats in this experiment were significantly greater than that which was taken 
up and lost by the livers of the normal animals. This further supports the 
contention that there is an increased rate of sulfur metabolism in wounded 
rats compared to that found in the normal rats. This increased sulfur 
metabolism in the wounded animals would probably result in a greater loss 
and a greater redeposition of cystine-S® in the liver than might be present 
in the livers of normal rats. The summation of these effects would be 
expected to give the appearance of a similar rate of loss of cystine-S* 
activity in the livers of both groups of animals. 


SUMMARY 


During the early stage of wound tissue regeneration in rats, the methi- 
onine content of wound proteins is greater than the cystine content. Later 
the content of cystine becomes very much higher than that of methionine. 
This has been taken to mean that two different types of proteins are syn- 
thesized by the regenerating wound tissue. By the use of S*-labeled 
methionine and cystine, it was shown that sulfur metabolism is stimulated 
during wound tissue regeneration and that the liver methionine supplies a 
large part of the cystine required by the regenerating wound tissue. 
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VITAMIN By AND TRANSMETHYLATION IN PIG, 
CHICK, AND RAT LIVER HOMOGENATES* 


By 8. P. MISTRY, IRENE VADOPALAITE, IRENE CHANG, JAY FIRTH, 
AND B. CONNOR JOHNSON 


(From the Division of Animal Nutrition, University of Illinois, Urbana, Illinois) 
(Received for publication, August 9, 1954) 


The interrelationship of the requirement of choline, methionine, betaine, 
vitamin Bye, and folic acid has been the subject of many recent investiga- 
tions (2-5). That vitamin By, functions in the intermediary metabolism 
of l-carbon units is also well recognized (1, 6-20, 21). However, while 
there have been several reports concerning the effect of the vitamin 7n vivo 
and in vitro systems, the precise réle of the vitamin in transmethylation 
reactions, in methyl synthesis, or in both, is still controversial. 

In earlier investigations from this laboratory (22, 23) it was shown that, 
on a synthetic milk diet containing 1.6 per cent methionine, the baby pig 
exhibited no demonstrable dietary choline requirement. Since a clear cut 
vitamin By. deficiency can readily be produced in the baby pig (24, 25), 
the effect of this deficiency on the synthesis of choline in vivo by trans- 
methylation from methionine was studied. It was clearly shown that the 
vitamin was not involved in this direct transmethylation (19). The pres- 
ent experiments describe the formation in vitro of creatine and methionine 
in liver homogenates of these animals. Transmethylation reactions with 
normal and vitamin Bj2-deficient chick and rat liver homogenates have also 


been examined. 


EXPERIMENTAL 


Pigs—2 to 3 day-old baby pigs were divided into groups and housed in- 
dividually in screen bottom metal cages in an air-conditioned room. The 
basal diet and other experimental details have been previously described (19). 
The group of ten deficient animals received ad libitum an a-protein syn- 
thetic milk ration. At the end of 4 weeks four of these animals were given 
a dose of 50 y of vitamin Biz by injection. The normal or positive control 
group of five animals received the a-protein basal ration supplemented with 
vitamin By. at the rate of 0.8 y per kilo of body weight per day. The 
animals were maintained on their respective rations for 5 to 6 weeks before 
being used for enzyme studies. At this time the deficient animals were 


* Supported in part by a grant-in-aid from the National Vitamin Foundation, 
Inc., New York, New York. Presented at the meeting of the American Society of 
Biological Chemists at Atlantic City, April 13 to 16, 1954 (1). 
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near death. Weights were recorded at weekly intervals during the ex- 
perimental period. 

Chicks—Newly hatched male chicks (New Hampshire male X Colum- 
bian female) were allotted to two groups of five each and kept in electrically 
heated batteries with screen wire floors in an air-conditioned room. Feed 
and water were supplied ad libitum. The chicks were maintained on the 
experimental diet for a period of 4 weeks and weighed at weekly intervals. 
They received a high fat basal ration essentially the same as that of Spivey 
et al. (26). It had the following composition per 100 gm. of diet: soy bean 
oil meal (Hi-pro-con. 50 per cent protein) 35 gm., ground yellow corn 39.54 
gm., lard 20 gm. (containing vitamin A 1000 i.u., vitamin D 100 i.u., and 
vitamin E 1 mg.), minerals 5.34 gm. (27), choline chloride 0.1 gm., thia- 
mine hydrochloride 2.5 mg., riboflavin 1.6 mg., calcium pantothenate 4 
mg., nicotinic acid 10 mg., pyridoxine hydrochloride 0.6 mg., biotin 0.06 
mg., folic acid 0.4 mg., and 2-methyl-1,4-naphthoquinone 0.1 mg. The 
normal or positive control group received in addition a supplement of 
vitamin Bi, 5 y per 100 gm. of ration. 

Rats—Weanling male rats of the Sprague-Dawley strain weighing 45 to 
50 gm. were divided into two groups of five each, both of which received 
ad libitum a basal a-protein ration supplemented with 0.1 per cent iodinated 
casein. The composition of the diet per 100 gm. was as follows: soy pro- 
tein (Drackett No. 220) 20 gm., cerelose 69.37 gm., corn oil 6 gm., min- 
erals 4 gm. (28), pt-methionine 0.4 gm., choline chloride 0.1 gm., vitamin 
A 2000 i.u., vitamin D 200 i.u., and a-tocopherol 10 mg. B vitamins and 
2-methyl-1 ,4-naphthoquinone were added in amounts as described above 
for the chick diet. The positive control group received, in addition, 2 y 
of vitamin By per 100 gm. of ration. The animals were housed individ- 
ually in an air-conditioned room and maintained for a period of 6 weeks 
on their respective rations. They were weighed at weekly intervals. 

Guinea Pig and Beef—Guinea pigs were obtained commercially and beef 
liver was secured from a normal animal. 

The animals were killed and bled thoroughly. The livers were removed 
immediately, washed free of blood with ice-cold buffer solution, cut into 
pieces, frozen with liquid nitrogen, and stored at —10°. When used in 
enzyme experiments, the sample was thawed, cut into very small pieces, 
and washed twice with cold buffer. The liver was homogenized (29) in a 
volume of buffer 4 or 5 times the weight of the tissue and strained through 
a double layer of cheese-cloth. 

In all the experiments described below, frozen livers have been used, 
since preliminary studies under controlled conditions gave identical results 
with fresh or frozen material. 

Creatine Formation in Vitro—The experimental technique was essentially 
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the same as described by Borsook and Dubnoff (30). All the reactants 
were prepared in Cohen and Hayano’s (31) buffer at pH 7.4. Warburg 
manometric apparatus with large fermentation flasks (5.5 cm. diameter) 
as reaction vessels was used. The final volume of the reaction mixture, 
including the homogenate, was 6 ml. Four reaction vessels were used for 
each treatment; L-methionine was omitted from the controls. The ex- 
periment was run with constant shaking for 1 hour at 38° under oxygen. 

At the end of the experimental run the contents of the four flasks in 
each set were pooled, 8 drops of 1 N HCl were added, and the volume was 
made up to 36 ml. with water and heated in a boiling water bath for 10 
minutes. After cooling to room temperature and filtering, six aliquots of 
3 ml. each were taken for analysis. 1 ml. of 0.4 N HCl was added to each, 
autoclaved for 30 minutes at 20 pounds pressure, cooled, and analyzed for 
creatinine by the adsorption procedure (30). Creatine standards were car- 
ried through all the procedures. Colorimetric determination was made at 
a wave-length of 520 mu (32) with a Coleman Universal spectrophotometer, 
model No. 14. 

Methionine Formation in Vitro—The transmethylase activity was fol- 
lowed according to Williams et al. (17) and was a modification of the pro- 
cedure outlined by Dubnoff and Borsook (33). As in the previous system, 
the reactants were prepared in Cohen and Hayano’s buffer at pH 7.4 (31). 
The final volume of the reaction mixture in any one experiment was 3 or 4 
ml. as indicated. Three 20 ml. beakers as reaction vessels were used for 
each treatment. Control vessels were without betaine hydrochloride. 
The experiment was run for 3 or 4 hours as indicated, at 38° under nitrogen 
in a Dubnoff metabolic shaking incubator. 

At the end of the incubation period the samples were treated with 0.5 
ml. of 30 per cent trichloroacetic acid, water being added to give a final 
volume of 5.5 ml., and heated in the boiling water bath for 10 minutes. 
After cooling, the triplicate vessels of each treatment were pooled and 
filtered, and the methionine formed was estimated colorimetrically at 525 
mu by the modification by Williams ef al. (17) of the method of McCarthy 
and Sullivan (34). During the final step in the estimation of methionine, 
the addition of the hydrochloric and phosphoric acid mixture produced a 
variable amount of a greenish precipitate which masked the true color. 
However, the interference was satisfactorily overcome by centrifuging the 
assay tubes and using the clear supernatant fluid for colorimetric deter- 
mination. 


RESULTS AND DISCUSSION 


The growth data and vitamin By». content of livers of normal and defi- 
cient pigs are presented in Table I. The average weight gains after 4 
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weeks on experiment reveal great differences. The deficient animals 
showed the usual symptoms of a severe vitamin By» deficiency; namely, a 
marked loss of appetite, frequent vomiting, and general weakness. The 
deficient pigs which received a dose of vitamin By, at this period gained in 
the following week about 3 times as much as the untreated deficient ani- 
mals, and approached the rate of gain of the normal group. Furthermore, 
the treated animals showed a characteristic reticulocyte response which 
reached a peak at 8 to 10 days after vitamin B,2 administration (19). The 
differences between the groups are further reflected in the vitamin By. 
stores of the livers. When assayed with Escherichia coli (35) or with 
Ochromonas malhamensis (36),! normal livers contained on an average 10 
to 15 times more vitamin By; than the livers of the deficient animals. In 
keeping with the weight data and reticulocyte response, a 3-fold increase 


TaBLeE 
Weight Gains and Liver Vitamin B,2 of Normal and Deficient Pigs 


Weight gain, kilos Liver vitamin By 
Group No. of pigs 
4wks. | sthwk. | £. coli | 

mugm. | mugm. 

per gm. | per gm. 
6 3.79 0.68 18 10 
vitamin 4 2.30 2.12 44 37 


* A single dose of vitamin Bi2, 50 y per pig, was injected at the end of 4 weeks. 


was observed in the vitamin By, liver stores of the animals dosed with the 
vitamin. 

In experiments in vitro with homogenates of livers of these animals, the 
rate of creatine formation was studied. The results are given in Table II. 
Creatine formation in liver homogenates involved the methylation of 
guanidinoacetic acid by t-methionine as the methyl donor compound. 
The over-all reaction required adenosinetriphosphate, Mgt*, and oxygen, 
as shown by previous workers (30, 37) in studies with guinea pig liver 
homogenates. Besides these compounds, in the present study with pig 
liver homogenates, L-glutamic acid and folic acid were found to be essen- 
tial for creatine synthesis, as was also observed in the rat liver system 
(38). The values given in Table II represent in each case the average 
results obtained from three to six animals as indicated, with their respec- 
tive standard errors of the mean. The results show that guanidinoacetic 
acid was methylated to form creatine equally efficiently with normal or 


1 Ford, J. E., unpublished. 
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deficient pig liver homogenates. Furthermore, the addition in vitro of 
vitamin By: to the reactants also had no effect on creatine formation. The 
results are in agreement with the findings in vivo with chicks and rats 
(3, 15, 16). 

The ability of normal and deficient liver homogenates to transfer methyl] 
groups of betaine to homocysteine was next examined. It will be seen 
from the data in Table III that, as in the previous system, no significant 
differences in the amount of methionine formed were observed. Again 
supplementation 7m vitro of vitamin Bye or calcium leucovorin or both had 
no effect. 


TaBLe II 
Creatine Formation by Normal and Vitamin Bi2-Deficient Pig Liver Homogenates 


| Creatine formed, 


y per gm. liver per hr. 


Group No. of pigs ce 
addition + vitamin 
6 
vitamin 3 | 2 | 65+ 6 


1 ml. of 20 per cent homogenate. Initial concentrations of reactants, guanidino- 
acetic acid L-methionine 10°? mM, L-glutamie acid 10°? M, and adenosinetri- 
phosphate 1.5 * 10°3 mM. Folie acid 100 y per 6 ml. of reaction mixture. All the 
solutions were prepared in Cohen and Hayano’s sodium potassium phosphate buffer, 
pH 7.4; total volume, 6 ml.; gas phase, oxygen; time, 1 hour; temperature, 38°. 

* In vitro addition of vitamin By, 100 mugm. per 6 ml. of reaction mixture. 

+t A single dose of vitamin By2, 50 y per pig, was injected at the end of 4 weeks. 


The results furnish no evidence in the baby pig for the participation of 
vitamin By, either in the transfer of methyl groups of methionine to guani- 
dinoacetic acid to form creatine or in the synthesis of methionine by trans- 
methylation from betaine to homocysteine. In experiments in vivo with 
baby pigs we have also shown that vitamin By. was not involved in the 
synthesis of choline from methionine (19). 

In experiments with rat liver slices and with the vitamin By. or methio- 
nine-requiring /. coli mutant, Dubnoff (89-41) has reported that vitamin 
Biz may be involved in the reduction of disulfide linkage to sulfhydryl 
groups. This concept is supported by the observation of Ling and Chow 
(42) that vitamin Bie deficiency results in a marked lowering of soluble 
sulfhydryl content, primarily of glutathione in blood. 

To elucidate the rédle of vitamin Bye in homocystine to homocysteine 
formation, we reexamined the betaine transmethylase system with homo- 
cystine as the substrate. 

As will be seen from the results given in Table IV, no significant differ- 
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ences were observed between normal and vitamin By2-deficient liver prep- 
arations in their ability to carry out the over-all reaction, homocystine 


III 
Transmethylase Activity of Normal and Vitamin B,2-Deficient Pig Liver Homogenates 


Methionine formed, 
y per gm. liver per hr. 


Group No. of pigs = 
Vitamin By + 
No addition ctlrovorum 
| factor* 
5 206 + 18 
| 4 293 + 11 | 282 + 
vitamin 4 309 + 27 | + 2 


2 ml. of 16.7 per cent homogenate, 0.5 ml. each of 0.5 per cent betaine hydrochloride 
(neutralized) and 1 per cent pLt-homocysteine. All the solutions were prepared in 
Cohen and Hayano’s sodium potassium phosphate buffer, pH 7.4. Total volume, 
3 ml.; gas phase, nitrogen; time, 3 hours; temperature, 38°. 

* In vitro addition of vitamin By: and calcium leucovorin, 50 mugm. and 50 vy, 
respectively, per 3 ml. of reaction mixture. 

t A single dose of vitamin By, 50 y per pig, was injected at the end of 4 weeks. 


TaBLe IV 
Methylation of Homocystine with Betaine by Normal and Vitamin By2-Deficient 
Pig Liver Homogenates 


Methionine formed, 
¥ per gm. liver per hr. 


Group No. of pigs 


Vitamin Bye + 
No addition cilrovorum 
factor* 
| 5 | 121 + 4 107 + 6 
5 105 + 8 
nm vitamin Byj,.-treatedT............. 4 106 + 5 101 + 1 


1 ml. of 16.7 per cent homogenate, 0.5 ml. of 0.2 per cent betaine hydrochloride 
(neutralized), and 2.5 ml. of 0.02 per cent homocystine. All these solutions were 
prepared in Cohen and Hayano’s sodium potassium phosphate buffer, pH 7.4. Total 
volume, 4 ml.; gas phase, nitrogen; time, 4 hours; temperature, 38°. 

* In vitro addition of vitamin By and calcium leucovorin, 50 myugm. and 50 y, 
respectively, per 4 ml. of reaction mixture. 

t A single dose of vitamin B,2, 50 y per pig, was injected at the end of 4 weeks. 


reduced to homocysteine and methylated by betaine to form methionine. 
Addition in vitro of vitamin By. or calcium leucovorin also had no effect on 
methionine synthesis. 

It seems, therefore, that, with normal or vitamin B2-deficient pig liver 
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homogenates, vitamin By. does not play a role in the reduction of homo- 
cystine to homocysteine. 

It has been reported by Oginsky (8) that the synthesis of methionine 
from homocysteine and betaine or choline was decreased in liver homoge- 
nates of vitamin By2-deficient rats. However, attempts to activate the 
methionine-forming system by addition in vitro of vitamin By2 proved un- 
successful. Similar studies by Williams et al. (17, 18) have confirmed the 
finding that vitamin Bye is related to rat liver betaine transmethylase ac- 
tivity. 

In studies with chick liver homogenates, however, it has been shown that 
folic acid was involved in the betaine-homocysteine transmethylase reaction 
as well as in the conversion of choline to betaine (43). 


TaBLe V 
Weight Gains and Liver Vitamin By. of Normal and Deficient Rats and Chicks 


Liver vitamin By, mugm. 
per gm. 


Animal Group No. of animals Weight gain,* gm. 
E. coli malhamensis 
Rat Normal + 7 30 19 
“ Deficient 5 wa 3 36 21 
Chick Normal 5 206 + 13 (P = 0.05) | 394 308 
se Deficient 5 226 + 27 it Rages: 62 42 


* Weight gained by rat in 6 weeks and by chick in 4 weeks. 


In view of these findings and our results with pig liver homogenates, 
we have reexamined this system with rat and chick liver preparations. 
Growth data and vitamin By, content of livers are presented in Table V. 
The results of enzyme experiments are given in Table VI. 

The average difference in weight gains between the normal and vitamin 
Byo-deficient rats was about 20 gm. and was significant at the 4 per cent 
level (Table V). However, the vitamin By» stores of the livers were un- 
affected. 

By using the same in vitro technique as before, differences in methionine 
formation were observed between the two groups of rats (Table VI). The 
results seem to substantiate the findings of previous workers (8, 17, 18, 44). 
However, in an interesting study of the effect of diet on the rat liver 
betaine transmethylase system, Dinning and coworkers (13) have shown 
that the enzyme activity varies strikingly with the amino acid composition 
of the diet, and the pattern of amino acids required for the synthesis of 
this enzyme was considerably different from the pattern required for 
growth of the animal. These observations, plus the fact that the amounts 
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of vitamin By found in the livers were the same, make it seem probable to 
us that the vitamin is not a cofactor in the rat betaine transmethylase sys- 
tem, any more than in the case of other species, and that the differences 
observed may be due to other causes. 

The chick data in Tables V and VI confirm our results with pigs. It 
will be seen that a severe vitamin Bye deficiency was produced. A signifi- 
cant difference in average weight gains was observed. As in the case of 
pigs, marked differences in the liver vitamin By, stores of the two groups 
were also observed. However, no significant difference in the chick liver 
transmethylase activity between the normal and deficient group was ob- 
tained. 


TaBLeE VI 
Methionine Formation by Liver Homogenates of Various Species 
Animal Group No. of animals 
SH S—S 
Rat Normal 5 193 + 16 614 7 
Deficient 5 1414+ 9 50 + 19 
Chick Normal 5 220 + 19 80+ 6 
oa Deficient 5 270 + 20 97 + 10 
Guinea pig Normal 1 284 
Beef o 2 110 + 19 


* Experimental details as given in Tables III and IV. SH = pt-homocysteine 
as the substrate. S—S = homocystine as the substrate. 


In general one may conclude that vitamin By, is not involved in direct 
transmethylations. 


SUMMARY 


The effect of a vitamin By. deficiency on the formation in vitro of creatine 
and methionine in liver homogenates has been studied. 

In the baby pig the deficiency had no effect on the transfer of methy] 
groups of methionine to guanidinoacetic acid to form creatine or on the 
synthesis of methionine by transmethylation from betaine to homocysteine 
or homocystine. 

Similar results were obtained with normal or deficient chick liver ho- 
mogenates. No significant difference in the methionine formation from 
betaine and homocysteine or homocystine was found. 

In the case of rats, differences in the transmethylase activity between 
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the groups were noted. The results are discussed and it is pointed out 
that the differences observed are probably due to other causes. 

From this study it appears that vitamin By. is not involved in direct 
transmethylations. Furthermore, it does not play a réle in the reduction 
of homocystine to homocysteine. 


We wish to thank Dr. H. M. Scott, Division of Poultry Science, for the 
chicks, Professor Sleeter Bull, Division of Meats, for beef and pig livers, 
and Mr. M. H. Bert for the statistical analysis. Vitamin Biz was gener- 
ously supplied by Merck and Company, Inc., Rahway, New Jersey, 
through the courtesy of Dr. Harold H. Draper, and calcium leucovorin by 
the Lederle Laboratories Division, American Cyanamid Company, Pearl 
River, New York, through the courtesy of Dr. T. H. Jukes. 
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REACTIONS OF CYTOCHROME OXIDASE* 


By W. W. WAINIO 


(From the Bureau of Biological Research, Rutgers University, 
New Brunswick, New Jersey) 


(Received for publication, August 10, 1954) 


In 1939 Keilin and Hartree (2) advanced the concept that there are two 
cytochrome components reacting between cytochrome c and oxygen; 
namely, cytochrome a and cytochrome a3. They based their hypothesis 
principally on the action of carbon monoxide which caused the a-band 
of reduced cytochrome a to spread toward 590 my and the y-band at 448 
mu to shift to 430 mu and to be replaced by a very pale band at 452 mu. 
They felt that their studies with other inhibitors, and especially with 
cyanide, strengthened their position. Under anaerobic conditions KCN 
broadened the a-band of reduced cytochrome a toward the blue end of the 
spectrum and broadened and slightly shifted the y-band toward the red 
end of the spectrum. In other experiments, however, in which the suc- 
cinate was added in the presence of air, the a-band remained unchanged, 
while the y-band disappeared and was replaced by a pale band at 452 mu. 

The effect of cyanide on the spectrum of oxidized cytochrome oxidase 
has been noted by Smith (3) and by Ball and Cooper (4), whereas the effect 
on the spectrum of the reduced enzyme has been reported by a number of 
investigators (2-6). 

The effect of CO on the spectrum of reduced cytochrome oxidase was 
studied in detail by Warburg and his associates (7, 8) when they deter- 
mined the photochemical action spectrum of the CO compound of the 
enzyme in yeast. Other investigators have amply confirmed the action 
of CO (2, 5, 6, 9-11). 

In this paper it is shown that NaCN modifies the spectra of both oxi- 
dized and reduced cytochrome oxidase.' CO is shown to affect the spec- 


* A preliminary report was presented at the meeting of the American Society of 
Biological Chemists, Chicago, April, 1953 (1). 

' We have been unable to separate cytochrome oxidase into two components either 
by ultracentrifugation (12) or by the serial addition of sodium deoxycholate (13). 
Both of these methods permit the separation of cytochrome oxidase, cytochrome c, 
and cytochrome 6 from each other. It is our opinion, therefore, that there may be 
only one enzyme reacting between cytochrome c and oxygen. This component is 
termed cytochrome oxidase and to it are assigned the various properties that have 
been given by Keilin and others to cytochrome oxidase, cytochrome a, and cyto- 
chrome a;, and by Warburg to his oxvgen-transporting enzyme. 
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trum of the reduced enzyme in the manner previously reported by other 
investigators. NO has an action which is very similar to that of CO. 


EXPERIMENTAL 


Cytochrome oxidase was prepared by adding 2 per cent and then 3 per 
cent of sodium deoxycholate (termed Preparation 2-3) to a preparation 
of heart muscle particles as previously described by us (13, 14), or by add- 
ing 1.75 per cent of sodium deoxycholate, followed by 3 per cent (Prepara- 
tion 1.75-3) or 2.25 per cent followed by 3 per cent (Preparation 2.25-3). 
The preparations were not lyophilized. The concentrated preparation 
was diluted with an equal volume of distilled water, and 2 ml. of the solu- 


600 
Wove Length (mu) 


Fic. 1. The a-peak of reduced cytochrome oxidase as developed by various agents. 
Curve 1, oxidized cytochrome oxidase; Curve 2, 1 X 10°? m hydroquinone; Curve 
3,5 X 10°? m potassium ferrocyanide; Curve 4, sodium dithionite; Curve 5, 1 & 10-8 
mM cytochrome c and 5 X 107? m sodium ascorbate. 


tion were pipetted into the spectrophotometer cuvette. The volume was 
brought to 3 ml. with other reagents or with water. The pH was that of 
the oxidase preparation which contained 0.1 Mm NasHPO,- KH.PO, buffer, 
1.€. 7.4. 

Cytochrome c was purchased from Wyeth, Inc. 

Reduction by Various Agents—In Fig. 1 it may be seen that a number 
of reducing agents produce a symmetrical peak which is centered at 603 
to 605 mu. Curve | isthe spectrum of oxidized Preparation 2-3 without 
the addition of reducing agents. Curve 2 results when only hydroquinone 
is added (1 final concentration). Sodium ascorbate (5 10-2 M 
final concentration) gives the same curve. Curve 3 is obtained with fer- 
rocyanide (5 X& 10°? m final concentration), whereas sodium dithionite 
produces the spectrum of Curve 4. If cytochrome c is added so that the 
final concentration is 1 &X 10-° mM when 5 X 10°? Mm ascorbate is the re- 
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ducing agent (Curve 5), the reduction equals that obtained with dithionite. 
The y-peaks are presented in Fig. 2. The increase in absorption at 443 
mu parallels the increase in absorption at 604 my (Fig. 1), except that the 
absorption at 443 my obtained with ascorbate and cytochrome c (Curve 5) 
does not exceed that obtained with dithionite alone (Curve 4). The peak 


. | 


400 425 450 475 
Wove Length (mu) Wave Length (mu) 


Fia. 2 Fig. 3 


Fic. 2. The y-peak of reduced cytochrome oxidase as developed by various agents. 
Curves as defined for Fig. 1. 

Fic. 3. Reduction of cytochrome oxidase by ferrocytochrome c in air in the pres- 
ence of sodium cyanide. Curve 1, oxidation products from 5 mg. of sodium dithio- 
nite; Curve 2, 1 mg. of ferrocytochrome c, corrected; Curve 3, 1 mg. of cytochrome c 
plus sodium dithionite, corrected. 


at 417 mu on Curve 5 is largely due to the added cytochrome c. In none 
of these instances is there evidence for two cytochrome a components. 

Reduction by Ferrocytochrome cin Air in Presence of Cyanide—We have 
previously demonstrated that cytochrome oxidase can be partially reduced 
by ferrocytochrome ¢ under anaerobic conditions (15). It was also stated 
that the oxidation products from 5 mg. of sodium dithionite dissolved in 
water and aerated for 5 minutes would not reduce cytochrome oxidase, 
but no data were given. 
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If sodium cyanide is used at a final concentration of 0.1 mM, 1.0 mg. of 
ferrocytochrome c will partially reduce Preparation 1.75-3 in air (Fig. 3, 
Curve 2). The ferrocytochrome c was prepared by adding 1 mg. of di- 
thionite per mg. of cytochrome c. The solution was aerated for 5 minutes. 
Curve 1 is the spectrum of the oxidized preparation to which were added 
the oxidation products from 5 mg. of sodium dithionite (after aerating for 
5 minutes) in the presence of 0.1 Mm NaCN. This curve is identical with 
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Fig. 4. k:ffect of sodium cyanide on the spectrum of oxidized cytochrome oxidase. 
The ordinate on the right is for the curve of the difference. 


that for the oxidized preparation alone. Curve 2 is a corrected spectrum. 
The mixture of partially reduced cytochrome oxidase and partially oxi- 
dized cytochrome ¢ was corrected for the amounts of ferro- and ferricyto- 


chrome c present. 
The following formula gives the amount of unoxidized ferrocytochrome 


cina lem. cell. 
Mg. ferrocytochrome c per 3 ml. = 


Diso experimental — cytochrome oxidase — ferriceytochrome c 
ferrocytochrome ¢ — 50 ferricytochrome c 


x 3 & 1.235 & 10° 
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of where D550 cytochrome oxidase is an isosbestic point for cytochrome ox1- 
3, dase, D550 ferricytochrome c is the density when there is | mg. of ferricyto- 
{i- chrome c per 3 ml., €550 ferrocytochrome c = 0.264 X 10° sq. cm. per mole, 
2s. é550 ferricytochrome c = 0.090 X 10° sq. cm. per mole, and 1.235 X 10° 
ed is the mg. molecular weight of cytochrome c. The corrections at each 
or wave-length were obtained by multiplying the density of a solution of 
th 
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Fic. 5. Effect of sodium cyanide on the spectrum of reduced cytochrome oxidase. 
The ordinate on the right is for the curve of the difference. 


ferrocytochrome c (1 mg. per 3 ml.) by the fraction of ferrocytochrome c 
remaining and the density of a solution of ferricytochrome c¢ (1 mg. per 3 
ml.) by the fraction of the ferrocytochrome c oxidized. Curve 3 is also a 
corrected curve obtained by reducing the mixture of cytochrome ¢ and 
cytochrome oxidase with dithionite and then correcting for the ferrocyto- 
chrome ¢ present. 

Effect of Cyanide on Oxidized Cytochrome Oxidase—The oxidase was 
Preparation 2.25-3. Sodium cyanide was added to a final concentration 
of 0.1 mM. In Fig. 4 are presented the curves for the oxidized preparation 
with and without cyanide. The y-peak is shifted from 418 to 424 mu. 


The difference spectrum has a maximum for oxidized cytochrome oxidase 
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at 410 my and a maximum for the cyanide complex of the oxidized com- 


pound at 438 mu. In another instance the latter was at 435 mu. 


Effect of Cyanide on Reduced Cytochrome Oxidase—Preparation 2.25-3 
of the previous experiment was reduced with sodium dithionite in the 


presence of 0.1 mM NaCN (final concentration) under anaerobic conditions. 
Oxygen-free nitrogen was bubbled through 0.1 m NaCN and the special 
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Fic. 6. Effect of carbon monoxide on the spectrum of reduced cytochrome oxi- 
dase. The ordinate on the right is for the curve of the difference. 


spectrophotometer cell for 10 minutes. The solution was then mixed 
with a pellet of NaoS.O,4, which was contained in the side arm. The y-peak 
(Fig. 5) shifted from 443 to 439 my and the a-peak shifted from 603 to 599 
mu. The difference spectrum has maxima for reduced cytochrome oxi- 
dase at 446, 555 to 560, and 607 mu and maxima for the cyanide complex 
of the reduced compound at 426 to 434, 461, and 593 mu. The 555 to 560 
my maximum is not prominent. The 461 my maximum has not been 
reported by other investigators. : 
Effect of Carbon Monoxide on Reduced Cytochrome Oxidase—The oxidase 
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was Preparation 2-3. The CO was generated by dropping concentrated 
H.SO, on dry sodium formate and was passed through the solution in the 
closed cell for 30 minutes. The enzyme was then reduced with a pellet 
of Na2S.O, contained in the side arm. The y-peak shifted from 443 to 
430 my (Fig. 6). The a-peak at 605 mu was shifted to 603 mu and became 
asymmetrical on the lower wave-length side. The peak diminished in 


--- Reduced 
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Difference 


400 450 500 550 600 650 
Wave Length (mu) 


Fic. 7. Effect of nitric oxide on the spectrum of reduced cytochrome oxidase. 
The ordinate on the right is for the curve of the difference. 


height by only 0.005 density unit. However, the absorption at 443 my 
was lowered by about 28 per cent. The y-peak for the CO compound is 
skewed somewhat toward the higher wave-lengths and would probably be 
even more asymmetrical if the preparation were free of the small amount 
of cytochrome c which it contains. Reduced cytochrome c has its y-peak 
at 415 mu. The difference spectrum has maxima for reduced cytochrome 
oxidase at 446, 563, and 608 my and maxima for the CO complex of the 
reduced compound at 427 to 429, 545, and 590 mu. 

Effect of Nitric Oxide on Reduced Cytochrome Oxidase—The cytochrome 
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oxidase was the same Preparation 2-3 that was used in the previous ex- 
periment. NQO was generated by dropping a mixture of 1 mM NaNO» and 
Im Kyke(CN). into a solution consisting of 1 part of glacial acetic acid and 
2 parts of water. The gas was passed through the solution in the closed 
cell for 20 minutes. The oxidase was then reduced with a pellet of NasS.O, 
contained in the side arm. The y-peak of the reduced oxidase at 443 mu 
(Fig. 7) was split into two maxima: one at 439 my and the other at 430 mau. 
The a-peak was shifted from 605 to 603 mp. The absorption at 443 mu 
was reduced by about 28 per cent. The difference spectrum has maxima 
for reduced cytochrome oxidase at 446, 570, and 610 my and maxima for 
the NO complex of the reduced compound at 426, 545, and 597 mu. 
DISCUSSION 

As a consequence of their studies with carbon monoxide and potassium 
cyanide, Keilin and Hartree (2) concluded that the a- and y-bands of 
reduced cytochrome a were at 605 and 452 muy, respectively, and that the 
corresponding bands for cytochrome a; were at 600 and 448 my, respec- 
tively. The unmasking of the weak 452 my band of cytochrome a was an 
important factor in their interpretation that there were two components. 

The experiments reported herein reveal that the reduction by a number 
of agents, some of which do not require cytochrome c to mediate the re- 
duction of the oxidase, always produces single peaks at 603 to 605 my and 
443 to 445 mu. There is no evidence for two a-peaks and two y-peaks, 
such as would be required if there were two components. 

The effect of cyanide on the oxidized spectrum of cytochrome oxidase 
has been previously reported by Ball and Cooper (Table I). The results 
reported here are essentially in agreement with those of Ball and Cooper, 
except that the y-peak in these experiments is 5 to 8 mu higher on the 
wave-length scale. 

The effect of cyanide on the reduced spectrum of cytochrome oxidase 
has been reported by many investigators (Table I). Keilin and Hartree 
found that the 605 my band broadened toward the blue and formed a 
distinct band at about 595 my. The y-band became more diffuse and lay 
at 450 mp. The new band at 595 my is verified, and the 450 my band of 
Keilin and Hartree may be the unassigned peak at 461 my found in these 
experiments. 

Carbon monoxide modifies the spectrum of reduced cytochrome oxidase, 
as noted by Keilin and Hartree (Table I). The new peaks are approxi- 
mately at the wave-lengths assigned by Warburg and Negelein to the 
CO compound of the oxygen-transporting enzyme. However, the shift 
in the absorption is only a partial one in that the original absorption by the 
reduced compound persists, as previously reported by Keilin and Hartree 
and as verified by Ball, Strittmatter, and Cooper, by Dannenberg and 
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Summary of Spectral Peaks of Some Complexes of Cytochrome Oxidase 


Compound 


Cyanide complex 


of oxidized ecy- 
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dase 


Cyanide complex 
of reduced cyto- 
chrome oxidase 


Carbon monoxide 
complex of re- 
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chrome oxidase 


Nitrie oxide com- 
plex of reduced 
cevtochrome oxi- 
dase 


| 
| 


W. 


W. WAINIO 


TABLE 


731 


Investigators 


Smith (3) 


Ball and Cooper 
(4) 
This paper 


Keilin and Har- 
tree (2) 
Smith (3) 


Ball and Cooper 
(4) 


Lundegardh (5) 


Dannenberg 
and Kiese (6) 
This paper 


Warburg and 
Negelein 
(7, 8) 

Keilin and Har- 
tree (2) 


Melnick (9) 


Ball, Strittmat- 
ter,and Cooper 
(10) 

Dannenberg 
and Kiese (6) 

Lundegardh (5) 


Chance (11) 


This paper 


-Peak | B-Peak | a-Peak | 


mp | 
430 
424 | 
435-438 | 
450 505 
| 
(590 
| 
430-435 
| 
400 590 
439 599 
426-434 593 
430 540-590 
| 
432 590 
450 510-589 
423 545-590 
432 590 
430-435 | 
| 
430 | 
430 
427-429 545-590 
430 | 
426 | BAS (?) 597 


Comments 


Effect noted; no val- 


ues given 
Difference spectrum 


Direct spectrum 
Difference spectrum 
Direct spectrographic 


observation 

Iffect noted; no val- 
ues given 

Kffect noted ocea- 


sionally; no curves 
given 

Difference spectrum; 
wheat root 

No curves given 


Direct spectrum 

Difference spectrum 

Photochemical action 
spectrum; veast 


Direct spectrographic 
observation; partial 
effect 

Photochemical action 
spectrum 

Difference spectrum; 
partial effect 


Direct spectrum; par- 
tial effect 
Direct spectrum; 
wheat root; partial 
effect 
Photochemical disso- 
ciation spectrum 
Direct spectrum; 
partial effect 
Difference spectrum; 
partial effect 
Direct spectrum; 
partial effect 
Difference spectrum; 
partial effect 
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Kiese, and by Lundegardh. This partial shift in the spectrum could be 
interpreted as a reaction of the CO with some of the hemes in a polymeric 
molecule. 

The effect of nitric oxide on the reduced spectrum of cytochrome oxi- 
dase verifies the conclusion that the effect of CO is a partial one, for NO 
forms a double peak in the Soret region. The absorption due to the re- 
duced compound persists. The reduction in the absorption at 443 muy is 
only 28 per cent of the total absorption or about 46 per cent of the dif- 
ference between the reduced and oxidized curves at this wave-length. 

CO and NO probably react in the same way with the reduced oxidase, 
since the effects on the spectrum of the reduced compound are identical. 
This becomes most apparent when the difference spectra are compared. 
The size of the peak representing the loss of absorption at 444 muy is ex- 
actly the same in both instances. The NO compound, however, has a 
much smaller specific absorption than does the CO compound, since the 
peak on the difference spectrum for the newly formed compound of NO 
with the reduced enzyme is very small. 

It is interesting to propose that cytochrome oxidase might be a tetra- 
polymer consisting of four identical heme-protein submolecules, with each 
heme contributing an electron to the reduction of 1 molecule of oxygen, 
according to the thought expressed by Warburg (16) when he calculated 
the molar spectrum of the oxygen-transporting enzyme. 


SUMMARY 


1. Partially purified cytochrome oxidase has been reduced with hydro- 
quinone, ferrocyanide, ascorbate in the presence of cytochrome c, dithi- 
onite, and ferrocytochrome c, and in no instance is there evidence for the 
existence of two cytochrome components reacting between cytochrome c 
and atmospheric oxygen. 

2. Sodium cyanide at a final concentration of 0.1 M alters the spectra of 
both oxidized and reduced cytochrome oxidase to give the maxima pre- 
viously reported by other investigators and, in addition, a peak is found 
at 461 my in the difference spectrum of the cyanide complex of reduced 
enzyme. It is not possible to conclude whether the shifts are partial or 
complete. 

3. The partial shift in the spectrum of reduced cytochrome oxidase which 
is known to occur on the addition of carbon monoxide has been reexamined, 
and the alternative interpretation is offered that it might be an effect in- 
volving some of the hemes in a polymeric cytochrome oxidase molecule. 

4. The nitric oxide complex of reduced cytochrome oxidase has maxima 
in its spectrum at 426, 545, and 597 muy (obtained by difference). Nitric 
oxide also produces only a partial shift in the spectrum of reduced cyto- 
chrome oxidase, since the 443 to 445 and 603 to 605 mu peaks persist. 


9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
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THE ROLE OF VITAMIN E IN REGULATING THE 
TURNOVER RATE OF NUCLEIC ACIDS* 


By JAMES 8S. DINNING 


(From the Department of Biochemistry, School of Medicine, University of 
Arkansas, Little Rock, Arkansas) 


(Received for publication, August 12, 1954) 


A relationship of vitamin EK to the metabolism of nucleic acids was sug- 
gested in an earlier report from this laboratory (1). It was shown that vi- 
tamin E deficiency in the rabbit resulted in the excretion of extra amounts 
of allantoin. This observation is susceptible to two interpretations. Vi- 
tamin EF deficiency could result in a reduced incorporation of nucleotides 
into tissue nucleic acids, and a compensatory increase in the rate of purine 
synthesis could then lead to an increased excretion of allantoin. Alter- 
natively, vitamin E deficiency could result in an increased rate of turnover 
of tissue nucleic acids and thus lead to an increased excretion of allantoin 
Data to be presented in the present report show that vitamin E deficiency 
in the rat results in an increased rate of incorporation of formate into liver 
and muscle nucleic acids and suggest that a metabolic réle of vitamin E 
is to regulate the turnover rate of nucleic acids. 


EXPERIMENTAL 


Weanling Sprague-Dawley rats of both sexes were given a purified diet 
consisting of casein 18.6 gm., sucrose 67.4 gm., lard 8 gm., cod liver oil 2 
gm., salt mix (2) 4 gm., inositol 0.1 gm., choline chloride 0.1 gm., thiamine 
chloride 0.5 mg., riboflavin 0.8 mg., pyridoxine hydrochloride 1 mg., cal- 
cium pantothenate 2 mg., nicotinic acid 2 mg., 2-methyl-1 ,4-naphthoqui- 
none 0.44 mg., and biotin 2.4 y. One group of rats received this diet with- 
out supplement, and a second group received the basal diet plus oral 
supplements of a-tocopherol acetate. The initial dose of tocopherol was 4 
mg. per rat per week. The dose was increased as the experiment pro- 
gressed to a final level of 16 mg. per rat per week. The a-tocopherol 
acetate was administered by dropper from a corn oil solution. 

After approximately 5 months of feeding, rats were taken from both 
groups and placed in metabolism cages for the collection of individual 24 
hour urine samples. These samples were analyzed for creatine and crea- 
tinine (3) and allantoin (4). Animals were then injected with 0.2 ml. per 

* Research paper No. 1004, Journal Series, University of Arkansas. This investi- 


gation was supported by research grant No. G647(C6), National Institutes of Health, 
United States Public Health Service. 
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100 gm. of body weight of a solution of sodium C'-formate which contained 
I me. per 25 ml. The specific activity of the formate was 1 mc. -per mmole. 
4 hours after the injections the rats were killed and samples of liver, small 
intestines, and skeletal muscle were taken for fractionation by the method 
of Schneider (5). The nucleic acid extract was freed of trichloroacetic 
acid (TCA) by heating. An aliquot was evaporated on a planchet for 
counting, and another aliquot was wet ashed for phosphorus determina- 
tion. The tissue residue remaining after extraction of acid-soluble ma- 
terial, lipides, and nucleic acids was considered to be protein. This ma- 
terial was dried and counted, and corrections were made for self-absorption. 
All samples were counted with an end window Geiger tube with a window 
thickness of 2 mg. per sq. cm. 


TABLE I 


Influence of Vitamin E Deficiency on Body Weights and on Creatinine, Creatine, 
and Allantoin Excretion of Rats 


| | Mg. excreted oa) 9 body weight per 
ay 


Animals (10 per group) | Average body weight Daas 
| Creatinine Creatine Allantoin 
gm | 
| 378 * 4.7 110 
Vitamin E-deficient....... | 336 28.8 9.5 174 


In other experiments, livers from five control and five deficient rats were 
pooled, and the nucleic acids were extracted with hot 10 per cent NaCl 
after preliminary removal of acid-soluble and lipide material. The nu- 
cleic acids were precipitated with alcohol, redissolved in alkali, and then 
fractionated by the alkaline digestion method (6) into ribonucleic acid 
(RNA) and deoxyribonucleic acid (DNA) fractions. Both fractions were 
analyzed for pentose, deoxypentose, and phosphorus. The pentose de- 
terminations indicated that the DNA fractions were uncontaminated with 
RNA, but that the RNA fraction did contain small amounts of DNA. 
The fractions were assayed for radioactivity, and appropriate corrections 
were made for the contamination of the RNA with DNA. Finally, the 
RNA fractions were hydrolyzed with 1 N H2SO,, and the liberated purines 
were isolated as the copper salts (7). Free purines were regenerated with 
HS and dissolved in weak HCl. An aliquot was evaporated for counting, 
and a separate aliquot was taken for optical density determinations at 260 
mu. The results are reported as counts per minute per micromole of pu- 
rine. The concentration of purine was calculated from the optical density 
determinations. 
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Results 


The data presented in Table I show that vitamin E deprivation had no 
marked effect on the growth of the rats. The rats deficient in vitamin E 
did excrete more creatine and allantoin than the control rats. It is to be 
emphasized that the rats receiving the vitamin E-deficient diet exhibited 


TABLe II 


Incorporation of C™-Formate into Tissue Proteins by Control and Vitamin E- 
Deficient Rats 


The results are in counts per minute per mg. 


Animals (5 per group) Small intestine Liver Skeletal muscle 
Vitamin E-deficient............. 25.5 17.3 3.0 


TABLE III 


Concentration of Nucleie Acid Phosphorus in Tissues from Control and 
Vitamin E-Deficient Rats 


The results are in mg. of P per 100 gm. 


Animals (5 per group) Small intestine Liver Skeletal muscle 
Vitamin K-deficient............. 54.4 70.4 16.6 

TaB_Le IV 


Incorporation of C™-Formate into Nucleic Acids by Control and Vitamin E- 
Deficient Rats 
The results are in counts per minute per micromole of P. 


Animals (5 per group) Small intestine Liver Skeletal muscle 


Vitamin E-deficient............. 140.5 33.8 | 16.5 


no gross signs of the deficiency. The data in Table I] demonstrate that 
vitamin FE deprivation did not affect the incorporation of formate into 
protein of the three tissues studied. The concentration of nucleic acid 
phosphorus of small intestine, liver, and skeletal muscle was not signifi- 
‘antly affected by deprivation of vitamin E, as shown in Table ITT. 

The data recorded in Table IV were obtained by the Schneider frac- 
tionation procedure (5). Vitamin E deficiency did not affeet the incor- 
poration of formate into the nucleic acids of the small intestines. The 
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incorporation of formate into the nucleic acids of liver and skeletal muscle 
was considerably increased in the vitamin E-deficient rats, and was most 
marked in the liver. The data in Table V show that vitamin E deficiency 
resulted in an increased incorporation of formate into both RNA and DNA 
of liver tissue. 

The results of experiments in which copper purines were isolated are 
presented in Table VI. RNA purines isolated from livers of vitamin E- 
deficient rats exhibited considerably higher specific activity than those 
from control rats. 


TABLE V 


Incorporation of C''-Formate into Liver Ribonucleic Acid and Deoxyribonucleic Acid 
by Control and Vitamin E-Deficient Rats 


The results are in counts per minute per micromole of P. 


Animals RNA DNA 

VI 


Incorporation of C''-Formate into RNA Purines by Control and Vitamin 


E-Deficient Rats 
Animals Purine 


c.p.m. per pmole 


82.0 


DISCUSSION 


The rate of incorporation of formate into nucleic acids as observed in 
these experiments should be directly related to turnover rates. There 
was no marked difference in concentration of tissue nucleic acids between 
control and vitamin E-deficient rats. Also the fact that the specific ac- 
tivities of protein of all three tissues studied and of nucleic acids of the 
small intestines were not affected by vitamin E deficiency suggests that 
there was no marked change in the size of the formate pool. Finally, a 
short time interval between formate injection and sacrifice of the animals 
was chosen so that the activities of the tissue nucleic acids should reflect 
rates of incorporation. 

Two considerations are important in appraising these results. The vi- 
tamin E-deficient rats exhibited no gross deficiency signs, and the tissue 
most drastically affected in terms of nucleic acid turnover rates was liver, 
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a tissue which is not considered to be structurally affected by vitamin E 
deficiency. It is believed that the regulation of the turnover rates of 
nucleic acids is a primary metabolic function of vitamin E. The precise 
enzymatic reaction involved remains to be elucidated. 


SUMMARY 


Vitamin E deficiency in the rat results in an increased incorporation of 
formate into the nucleic acids of liver and of skeletal muscle. This is 
considered to reflect an increased turnover rate of nucleic acids in these 
tissues as a result of vitamin E deficiency. It is suggested that the regu- 
lation of turnover rates of nucleic acids is a primary metabolic function of 
vitamin E. 
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EFFECT OF COLD AND RESTRAINT ON TISSUE NON-PROTEIN 
SULFHYDRYL COMPOUNDS IN METHIONINE-DEFICIENT 
RATS* 


By U. D. REGISTER anv R. G. BARTLETT, Jr.t 


(From the Departments of Biochemistry and Physiology, School of Medicine, College of 
Medical Evangelists, Loma Linda, California) 


(Received for publication, August 12, 1954) 


The effect of cold and restraint on the level of non-protein sulfhydryl 
compounds in the liver and blood has been previously noted (1-4). 
Whether applied independently or together, these stresses result in a 
diminution of the total non-protein sulfhydryl concentration (NPSH) of 
the liver. Adrenalin (5) and certain anesthetics! produce an effect similar 
to that of cold and restraint. Grunert and Phillips (6) and Mortensen 
(7) have reported a marked decrease in the liver and a large increase in 
the blood NPSH of methionine-deficient animals. Since the levels of 
liver NPSH were initially low and the blood levels high, the present study 
was undertaken to determine if the liver NPSH would decrease still further 
when these deficient animals were exposed to the stress of restraint in the 
cold or given Adrenalin or an anesthetic agent. Contrary to expecta- 
tions it was found that the liver NPSH increased in methionine-deficient 
rats upon exposure to cold. Adrenalin had a similar paradoxical effect. 


Materials and Methods 


Female rats (Sprague-Dawley) weighing between 90 and 110 gm. were 
selected and placed for 6 weeks on a methionine-deficient ration as em- 
ployed by Mortensen (7). Another group of animals was given the basal 
diet supplemented with 0.5 per cent methionine. After 6 weeks one-half 
of the animals in each group was placed in loosely fitting wire mesh tube 
cages in a cold room at 0° + 2°. Body temperature drop was regulated 
to 5° per hour so that at the termination of a 4 hour exposure the terminal 
temperature of these animals was approximately 18°. The remaining 
animals were not subjected to cold and served as controls. 


* This research was supported in whole or in part by the United States Air Force 
under contract No. AF18(600)-842, monitored by the Alaska Air Command, Arctie 
Aeromedical Laboratory, Ladd Air Force Buse, APO 731, Postmaster, Seattle, Wash- 
ington, by a United States Public Health Service grant, and the Williams-Waterman 
Fund of the Research Corporation, New York. 

t Present address, Department of Physiology, Howard University, Washington 
1 D.C. 

' Bartlett, R.G., Jr., and Register, U. D., to be published. 
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Blood was taken by heart puncture with heparin as an anticoagulant. | s¢ 
All the animals were then sacrificed, decapitated to avoid congestion of le 
organs with blood, and the tissues were taken immediately and frozen in > 


powdered dry ice. NPSH was determined by a modification of the method 
of Benesch and Benesch (8) as described previously (9). 

Previous work has shown that Adrenalin (5) and anesthetic agents! 
produce a significant diminution in liver NPSH of animals on stock diets. 
To determine the effect of these pharmacological agents on tissue NPSH 
of methionine-deficient animals another group of female rats was given 
the methionine-deficient ration for 5 weeks and then divided into four 
groups. Six animals were untreated (controls); seven were injected 
intraperitoneally with Adrenalin over a 4 hour period. 1 ml. of a 1:10,000 M 
dilution was injected initially and 0.5 ml. of the same dilution thereafter 
every half hour. Seven rats were anesthetized with pentobarbital sodium 
(70 mg. per kilo) and body temperature was maintained at a normal level. 
Six animals were similarly anesthetized but exposed to cold. Blood and M 
tissues were taken and analyzed for NPSH. 


Results 


As seen in Table I, the rats maintained on the methionine-deficient diet 
had low levels of liver NPSH. When these deficient animals were exposed 
to the stress of restraint in the cold, there was a significant increase in the 
liver NPSH (P = <0.01). This is in contrast to the response of the 
methionine-supplemented animals which experienced a marked diminu- 
tion in the liver NPSH (P = <0.01). It is noted that the NPSH of the 
hypothermic deficient animals increased to a level significantly higher than 
that to which the NPSH decreased in the hypothermic non-deficient 
animals. 

The effect of cold and restraint on the kidney NPSH was qualitatively 
the same in all groups, the deficient and the non-deficient (Table I). In 
each instance there was a small significant diminution in the kidney A 
NPSH (P = <0.05 for methionine-deficient with methionine-deficient Pr 
exposed to cold; P = <0.01 for methionine-supplemented with methionine- 
supplemented exposed to cold). Cold and restraint had no effect on 
blood and muscle NPSH in either group, although the blood NPSH was 
elevated while the kidney NPSH appeared to be somewhat lower in the 
deficient group. 

As observed in Table IT, Adrenalin injection resulted in an elevation of 
the liver NPSH in the deficient animals while there was no change in N 
kidney NPSH. It is also noted from Table II that there was a significant th 
decrease in liver and kidney NPSH in both the normothermic and the W] 
hypothermic deficient rats which were anesthetized with pentobarbital (1 
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sodium. There was, however, no significant difference between the NPSH 
levels of the normothermic and hypothermic anesthetized animals (P = 
>0.50 and >0.05 for the liver and kidney, respectively). 


TaBLe 
Effect of Cold and Restraint on Non-Protein Sulfhydryl Compounds in 
Tissues of Methionine-Deficient Rats 


Non-protein sulfhydryl compounds 


| Liver Kidney | Blood Muscle 
pmoles per cent pmoles percent ymoles percent moles per cent 
Methionine- | | | | 
deficient........ 327 + 14* (21)f 449 + 6 (13) 191 4 11 (9) 69 + 3 (7) 
Methionine- | | | | 
deficient | | | | 
(cold).........| 542 + 11 (22) | 42049 (7) 185 + 9 (8) | 69 + 6 (7) 
Methionine- | | | 


| 

supplemented... 771 + 12 (19) | 479 + 4 (14) 104+ 6 (9) | 84 + 4 (10) 
Methionine- | | | | 

supplemented | | | 
ee (459 + 16 (18) 402 + 9 (15) 102 + 2 (7) 77 + 2 (10) 


* Standard error of the mean. 
t The number in parentheses represents the number of animals in each group. 


TABLE II 


Effect of Adrenalin and Pentobarbital on Kidney and Liver Non-Protein 
Sulfhydryl Compounds of Methionine-Deficient Rats 


values | P values 

Methionine-deficient group No.of rats’ Liver NPSH with Kidney NPSH with 

control | control 

Adrenalin........... ne 7 709 + 28) <0.02 441 + 18 <0.40 
7 380 + 35 <0.02 326 + 25 <0.01 
6 409 + 33 <0.05 | 401 + 16 | <0.02 
* Standard error of the mean. 
DISCUSSION 


The data concerning the low levels of liver NPSH and the high blood 
NPSH in animals on a methionine-deficient diet are in agreement with 
the results of previous workers (6, 7). The usual response of animals 
when exposed to cold and restraint is a lowering of the NPSH of the liver 
(1-4). Thus the response of the methionine-deficient animals to cold and 
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restraint is not the usual one in which there is a marked increase in liver } 
NPSH. 


It has been demonstrated previously that the liver is active in producing in 
these non-protein sulfhydryl compounds (10, 11). And further, it may | bl 
be possible that a relative depletion of these compounds in the liver is a tc 
normal physiological result of exposure to a situation of stress. However, g1 
the observation that there is an increase in the level of liver NPSH in | ; 
methionine-deficient animals exposed to cold and restraint indicates ki 
increased activity of the liver as a producer of these compounds or repre- bi 
sents a mobilization of these compounds from elsewhere in the body. in 
There may be a compensatory mechanism in these animals which is acti- hy 
vated by subjection to a situation of stress that prevents the concentration cl 


of NPSH in the liver from decreasing below a minimal level which is 
essential to carry on metabolic functions. 


As has been suggested earlier (5), it may be that activation of the sym- Je 
pathoadrenal mechanism represents the more immediate cause of the M 
changes in the liver levels of NPSH. If Adrenalin is injected into a non- C 
deficient animal, there is a resultant drop in liver NPSH. In the present 
experiments injection of Adrenalin resulted in an increase in the liver G 
NPSH. This seems to support the implication that the sympathoadrenal st 


mechanism may be one of the factors which regulates the level of NPSH 
in the liver. 

It is noted from Table II that pentobarbital anesthesia decreased the 
liver and kidney levels of NPSH. The anesthetic also abolished the usual 9 
effect of the cold of further decreasing the concentration of these com- 
pounds in the liver. These data are in agreement with the results of 
similar experiments on non-deficient animals.! 

From Table I it is seen that there was uniformly a decrease in kidney 
NPSH effected by cold and restraint in deficient and non-deficient animals. 
Why the changes in the kidney should differ from those in the liver is not 
known. If the same mechanisms are responsible for the control of kidney 
NPSH levels, these mechanisms act in a reverse fashion under these cir- 
cumstances. 

Further work is being done on the rather paradoxical effect of increased 
liver NPSH in methionine-deficient rats exposed to cold and restraint. 


SUMMARY 


Methionine-deficient rats were exposed to the stress of light restraint in 
the cold. The normal liver level of total non-protein sulfhydryl concen- 
tration (NPSH) in these deficient animals (327 umoles per cent) increased 
when they were exposed to this dual stress (to 542 uymoles per cent). This 
is a marked contrast to the effect of the stress on the non-deficient animals 
in which the level decreased from an initial 771 to 459 umoles per cent. 
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In both the deficient and non-deficient animals exposure to cold and 
restraint resulted in a decreased level of kidney NPSH. There was an 
increased blood NPSH in the deficient animals, but no change in the 
blood NPSH of either the deficient or non-deficient animals upon exposure 
to cold and restraint. There was no change in muscle NPSH in either 
group. 

Injection of Adrenalin caused essentially the same changes in liver and 
kidney NPSH as those produced by exposure to cold and restraint. Pento- 
barbital sodium anesthesia resulted in a decreased kidney and liver NPSH 
in the deficient animals with no difference between the normothermic and 
hypothermic categories. The possible mechanisms responsible for these 
changes are discussed. 


The author is indebted to Merck and Company, Inc., Rahway, New 
Jersey, for crystalline vitamin By, to Parke, Davis and Company, Detroit, 
Michigan, for Haliver Oil with Viosterol, and to the Alrose Chemical 
Company, Providence, Rhode Island, for Sequestrene NA2-3X. 

The author wishes to acknowledge the valuable assistance of Barbara 
Goyne, Lilah Nahorney, Kenneth Nyack, and Byron Wareham in these 
studies. 
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DISTRIBUTION OF Se? IN SERUM PROTEINS AS 
DETERMINED BY PAPER ELECTROPHORESIS 


By KENNETH P. McCONNELL anv E. J. VAN LOON 


(From the Radioisotope Unit and Medical Research Laboratory, Veterans 
Administration Hospital, Louisville, Kentucky) 


(Received for publication, August 19, 1954) 


One of the interesting phases of selenium metabolism in the mammalian 
organism is the apparent fixation or binding of trace amounts of selenium 
in various tissue proteins. This fixation takes place regardless of the form 
or manner in which it is administered (1-3). Experimental evidence to 
date supports the contention that there is a definite fixation of selenium 
in the protein matrix and that the presence of selenium in proteins is not 
an adsorption phenomenon (3). Unlike iron or copper which is bound to 
specific proteins (4), selenium tends to bind to a variety of proteins, al- 
though there seems to be a quantitative difference in its binding. This 
binding of selenium by protein has been demonstrated in blood proteins 
including globin of hemoglobin (2, 3), and in liver (2), muscle, kidney, and 
pancreas. 

It has been shown by Smith, Westfall, and Stohlman (1) that, after 
prolonged feeding of naturally occurring seleniferous grains, selenium was 
deposited in the body tissues, apparently in combination with tissue pro- 
teins. Later plasma distribution studies by Westfall and Smith (2) showed 
that selenium was present in all the protein examined, though predomi- 
nantly in the globulins. Studies were made by McConnell and Cooper (3) 
on the distribution of selenium in serum proteins of the dog after subcuta- 
neous injection of Se7® as sodium selenate. Fractionation of the various 
serum proteins was carried out by the sodium sulfate method of Milne (5). 
The results obtained revealed that selenium was present in albumin, 
globulin, euglobulin, and pseudoglobulin, and that the amount of selenium 
in the various fractions expressed as micrograms per gm. of protein was 
similar but not identical. Results from dialysis studies indicated that 
there was a certain amount of selenium fixation in blood proteins which 
existed in a stable protein-like combination. 

It was the purpose of the experiments to be reported here to obtain 
more quantitative data about this binding phenomena in the hope that 
it would lead to a clearer understanding of this interesting phase of se- 
lenium metabolism which is rather obscure at the present time. 


! MeConnell, K. P., unpublished data. 
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EXPERIMENTAL 
The serum proteins from dogs that had been injected 24 hours pre- [ ” 
viously with Se®Cl, were fractionated by filter paper electrophoresis. Exp 


The albumin, a-, 8-, and y-globulins were resolved by paper electrophoresis - 
with Veronal buffer (pH 8.6; » 0.1) and Whatman filter naper No.3 MM. | 
A potential of between 250 to 400 volts direct current was applied for 
10 to 14 hours. The method used was essentially that of Slater and Kun- 
kel (6). The protein fractions were developed as reported by Durrum 
et al. (7). The various protein fractions on the filter paper were sepa- 
rated by cutting and assayed individually for activity in a Berkeley scin- 
tillation detector, which contained a sodium iodide crystal. The isotopic . 
technique for the detection of selenium was used throughout the experi- 
ments. Se? has a half life of 127 days with a maximal y-ray emission of — 
0.4 m.e.v. The well-type scintillation detector was operated at 920 volts 
with a background of 130 ¢.p.m. The specific activity of a standard sam- 
ple of Se7°Cl, was determined and this value was used to calculate the 
amount of selenium in the various protein fractions. 


RESULTS AND DISCUSSION E 


The distribution of selenium in dog serum after injection of Se?Cl, 
is shown in Table I. It was found that approximately 80 per cent of the 
total strip count was present in the a and 8 fractions, with approximately 
60 per cent of the strip count in the a2 and @; fractions which contained 30 
and 29 per cent, respectively. Smaller amounts, namely 13, 9, 11, and 7 
per cent, were observed in the albumin, a1, 82, and y fractions, respectively. 
These results obtained by tracer technique and paper electrophoresis 
demonstrated that selenium was present in all the serum protein fractions, 
although predominantly in the a2 and ~; fractions. It should be noted 
that trailing or adsorption of the fractions may change the per cent fixa- — 
tion but only to a very minor extent (6). 


In another experiment, as shown in Table Il, the serum protein-bound ” 
selenium was determined only by the trichloroacetic acid method in serum 
collected 24 hours after administration of Se®Cl,. It was revealed that 
77 to 89 per cent of the total Se7> serum activity was protein-bound se- = 
lenium. The selenium content of total serum protein was calculated to 
be 6.1 + 1.8 y of Se per gm. of protein. 

In Table IIT is presented the distribution of selenium in the various AN 
serum proteins. Values for the per cent composition of the various serum i 
proteins, which were obtained by the method of Kunkel and Tiselius (8), a2. 
are shown in the last column. It will be noted in the second column that Bi. 
the a2 and 8; fractions contain 8 and 7 y of selenium per gm. of protein, a 


respectively. Smaller amounts were found in the other fractions. In the 
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TABLE 
Distribution of Se™® in Dog Serum Proteins As Determined by Paper Electrophoresis 


| Activity serum proteins 
- No. of Total . 
No. | nations count | aipumin | | | 
| per cent | per cent per cont | per cent per cont | cont 
901 | 7.6 | 9.4 | 40.4 | 28.4 | 8.0 | 5.7 | 08 | 
ee oe, 1042 | 15.4 | 10.6 | 20.2 | 29.5 | 14.1 | 10.2 2.4 211 
“ES 800 | 
oF 1425 17.6 8.1 | 29.7 | 28.7 | 10.4 5.5 | 1.0 | 16.2 
13.5 | 9.4 | 30.1 | 28.9 | 10.8 | 7.1 
4.0 +#1.5 48.6 242.4 42.7 +2.5 


. The values are based on assays from the Oak Ridge National Laboratory. 
+ 0.1 ml. of serum; all others 0.05 ml. 


TaBLeE II 
Serum Protein-Bound Se? Determined by Trichloroacetic Acid Method* 


Serum Se® activity 


| Whole serum Serum protein 
| | C.p.m. | c.p.m. per cent | ¥ 
2 | 2 | 20 , 609 16,464 | 49.9 | 6.3 
3 | 2 | 34,717 | 26 , 560 | 76.5 8.3 
4 2 | 40,091 35,215 | $7.9 6.1 
5 2 70,180 | 61,398 | 87.5 9.2 
6 2 28,181 | 25,049 $8.9 3.7 


the precipitate was washed twice with 10 per cent trichloroacetic acid. 


TaBLe III 
Distribution of Se?> in Dog Serum Proteins 
Fraction | Se per gm. protein | P of 

DS ccs a 1.6 + 0.7 49 + 20.5 | 32.5 + 3.5 
4.8 + 0.5 + 5.4 6.8 + 1.2 
8.1 + 1.9 106 + 25.2 13.1 + 1.1 
6.7 + 1.4 102 + 20.7 15.5 + 1.5 
2.6 + O.S 39 + 10.4 15.2 + 2.1 
1.5 + 0.4 254 7.5 17.2 + 1.7 


* An equal volume of 20 per cent trichloroacetic acid was added to the serum and 
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third column, where the results are expressed as selenium content per 100 
gm. of protein, it was calculated that 106 and 102 y of selenium were pres- 
ent in the a2 and #; fractions, respectively. It is of interest to compare 
the protein-binding of iron and copper with selenium. It has been esti- 
mated that 8 metal-combining proteins can bind 1.25 mg. of iron per gm. 
of protein and 1.4 mg. of copper per gm. of protein (4). It appears that 
the metal-binding capacity of proteins for iron and copper is much greater 
than that for selenium. Selenium and gold apparently have similar 
protein-binding properties, since Simon (9) has established by filter paper 
electrophoretic and radioautographic studies that radioactive colloidal 
gold is bound to the a- and 6-globulin fractions of human plasma protein. 

Thus, current information indicates that selenium present in serum 
proteins is in some organoselenium complex. The manner in which se- 
lenium is chemically bound is not definitely known. A possible hypothesis 
is that selenium, having properties similar to those of sulfur, displaces the 
amino acid sulfur or that its fixation involves the binding of sulfhydry|! 
groups. If the latter occurs, it is reasonable to assume that the toxicity 
of selenium could be due to inhibition of those enzymes that require the 
presence of the sulfhydryl groups for activity, or it could be due to inter- 
ference with some oxidation-reduction system which is not known at 
this time. Further experiments in vitro are now in progress in order to 
elucidate the mechanism and type of binding that occur between selenium 
and protein. | 


SUMMARY 


Serum proteins from dogs that had been injected 24 hours previously 
with Se75Cl, were resolved by paper electrophoresis. The results revealed 
that there was an affinity of dog serum proteins for selenium which re- 
sulted in a fixation in the proteins. The selenium protein interaction was 
principally concerned with a, and 6; fractions of serum, although smaller 
amounts of selenium were present in the other fractions. 


BIBLIOGRAPHY 


1. Smith, M.1., Westfall, B. B., and StohIman, Ic. F., Pub. Health Rep.,U.S.P.H.S., 
63, 1199 (1938). 

. Westfall, B. B., and Smith, M. 1., Pub. Health Rep., U.S. P. H.S., 55, 1575 (1940). 

. MeConnell, K. P., and Cooper, B. J., J. Biol. Chem., 183, 459 (1950). 

. Surgenor, D. M., Koechlin, B. A., and Strong, L. E., J. Clin. Invest., 28, 73 (1949). 

. Milne, J., J. Biol. Chem., 169, 595 (1947). 

. Slater, R. J., and Kunkel, H. G., J. Lab. and Clin. Med., 41, 619 (1953). 

. Durrum, FE. L., Paul, M. H., and Smith, kK. R. B., Scvence, 116, 428 (1952). 

. Kunkel, H. G., and Tiselius, A., J. Gen. Physiol., 35, 89 (1951-52). 

. Simon, N., Sczence, 119, 95 (1954). 


ore WwW 


p 
st 

b 
th 

fe 
al 
H 

p 

n 
b 
| tl 

bs 
pe 
ve 

N 


INTERFERENCE IN THE FLUOROMETRIC ANALYSIS OF 
PYRIDINE NUCLEOTIDES BY CERTAIN IONS* 


By JEAN P. KRING anv J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 19, 1954) 


The fluorometric assay procedure of Huff and Perlzweig (1) is frequently 
employed for the determination of the pyridine nucleotide or N’-methyl- 
niacinamide (NMeN) content of a variety of materials (2, 3). In un- 
published work in this laboratory by this method it was observed that, if 
standard DPN solutions were incubated with Krebs-Ringer phosphate 
buffer alone, an apparent ‘‘destruction” of the coenzyme occurred. Since 
the same decrease in diphosphopyridine nucleotide (DPN) content was 
observed, whether the mixture of buffer and standard had been incubated 
for a period of time before assay or had been analyzed immediately after 
mixing, it was possible that this might reflect an effect of the buffer on the 
analytical procedure rather than on an actual destruction of the DPN. 
Hydrogen peroxide was present during the analyses to oxidize any reduced 
DPN present (4) and thus to stabilize it for acid extraction. Hydrogen 
peroxide has also been employed in the differential assay of pyridine 
nucleotides (PN) and NMeN (5, 6). Since buffer solutions containing 
components common to the Krebs-Ringer buffers are so widely used in 
biochemical procedures, it was considered of importance to investigate 
this problem further. 


EXPERIMENTAL 


Reagents— 

Hydrogen peroxide, 30 per cent (Superoxol). 

Trichloroacetic acid (TCA), 2 per cent. 

Fluorometric assay reagents, as described by Huff and Perlzweig (1). 

Krebs-Ringer phosphate buffer and component solutions (7). 

Sodium sulfate and magnesium chloride solutions, 0.154 m. 

Calcium acetate, potassium acetate, magnesium sulfate, zine chloride, 
barium chloride, and aluminum sulfate solutions, 0.11 M. 

Standards—Unneutralized DPN (Schwarz Laboratories) and NMeN 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a contract between the Regents of the Uni- 
versity of Wisconsin and the Office of Naval Research, Washington, D. C., and the 
Nutrition Foundation, New York. 
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hydrochloride (Delta Chemical Works) solutions in water were employed 
as standards in these experiments. They were stored at —5° when not in 
use. 

A Coleman fluorometer equipped with the filters used for thiamine 
determinations was employed in all of these experiments. 

Procedure—The general procedure used in these experiments was to 
dilute standard solutions of DPN or NMeN with varying amounts of 
solutions of substances being tested for possible effects on the fluorescence 
developed in the method of Huff and Perlzweig (1). The dilutions were 
made so that the final mixtures contained 5 to 10 y of DPN per ml. or 
about 2 y of NMeN per ml. 0.5 ml. portions of the resulting mixtures 
were then used for the analyses, which were performed immediately after 
mixing. 

Effects of TCA and Hydrogen Peroxide Alone—Since TCA and peroxide 
were present in the preliminary experiments which had indicated DPN 
destruction, experiments were first carried out to determine whether these 
reagents alone and together had any effect on the fluorescence developed 
during the assay for DPN in the presence of the Krebs-Ringer phosphate 
buffer. Therefore, DPN standard was analyzed, with no additions or 
with TCA or peroxide in the presence or absence of Krebs-Ringer buffer, 
which was added as 40 per cent of the final volume. 2 per cent TCA was 
added at 10 per cent and Superoxol at 2 per cent of the final volume. The 
results indicated that there was no depression of the fluorescence when 
DPN was analyzed in the presence of the buffer, with or without the 
addition of TCA. However, the samples containing buffer and hydrogen 
peroxide or TCA, buffer, and hydrogen peroxide showed a depression over 
the reading of the corresponding control by 40 and 39 per cent, respec- 
tively. Therefore, the results indicate that hydrogen peroxide but not 
TCA is essential for the demonstration of the depression of fluorescence 
by Krebs-Ringer phosphate. Since TCA is widely used as a deprotein- 
izing agent in analyzing natural materials for DPN and NMeN, it has 
been included in most of the experiments that follow. 

Studies on the effect of hydrogen peroxide alone have indicated that the 
addition of Superoxol at 2 or 4 per cent of the final volume stimulated the 
fluorescence produced by 28 and 38 per cent, respectively. At higher 
concentrations of peroxide, however, a progressive depression of the fluorom- 
eter reading occurred. 

Effects of Individual Components of Krebs-Ringer Phosphate Buffer— 
Unless otherwise indicated, each individual component of Krebs-Ringer 
phosphate buffer was added to the DPN standard in the presence of hydro- 
gen peroxide and TCA at a level equivalent to its concentration when the 
buffer was added at 40 per cent of the final volume. 
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From the results of these studies (Table I) it can be seen that sodium 
chloride had no effect on the development of the fluorescence from DPN, 
while Krebs-Ringer phosphate buffer with water substituted for the sodium 
chloride still depressed the reading. The only individual components 
which produced effects similar to the complete buffer mixture were calcium 
chloride and magnesium sulfate. A mixture of these two salts equivalent 
to the amounts present in the original buffer gave a 43 per cent depression 
of the fluorescence. 

The degree of depression produced by increasing the levels of calcium 
chloride or magnesium sulfate in the final mixture before analysis has been 


TABLE I 


Effect of Components of Krebs-Ringer Phosphate Buffer on Development of 
Fluorescence in Analysis of DPN 


Average per cent change in 
uorometer reading 
from control* 


_ Concentration of salt in 


Substance tested tinal mixture 


M 

Krebs-Ringer phosphate buffer less so-_ | 

Magnesium sulfate...................... | 0.0006 | 38 
Calcium chloride + magnesium sulfate. . 0.0017 | —43 
Potassium chloride..................... | 0.002 | 0 
_ acid phosphate............... | 0.0006 | 0 
Disodium 0.004 | 0 


* The control contained DPN, TCA, and hydrogen peroxide, as described in the 
text. 


studied. At a concentration below 0.22 * 10-* m the two salts depressed 
the fluorescence to the same extent. However, at concentrations higher 
than 0.32 * 10-* M, magnesium sulfate depressed the fluorescence about 
50 per cent more than calcium chloride. 

In Table II it can be seen that this effect is due to the calcium and 
magnesium cations since calcium acetate and magnesium chloride were 
also effective, while salts containing the accompanying anions were shown 
to produce no depression of the fluorescence. 

Effect of Other Cations—It is apparent from the results in Table II that, 
when barium chloride, zinc chloride, and aluminum sulfate were tested in 
a concentration equivalent to that of calcium, none of these salts was 
effective in altering the development of fluorescence. A 40-fold increase 
in the concentration of barium chloride produced depressions of the fluo- 
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rescence by 37 per cent. Aluminum sulfate at the 40-fold concentration 
produced an increase in the degree of fluorescence by 41 per cent. 

Mechanism of Action of Calcium Ions-—-When calcium, equivalent. to 
2.2 & 10°* M in the final mixture before analysis, was added to tubes 
containing standard DPN and hydrogen peroxide after the analysis for 
the development of the fluorescence was completed, a significant depression 
of the fluorescence did not occur. However, the addition of the same 
amount of calctum before the analysis was begun caused a depression of 
the fluorescence. Therefore, it appears that calcium acts to prevent the 
formation of the fluorescent end-product instead of quenching the fluores- 
cence once it is formed. 


TaBLeE II 
Effect of Certain Salts on Development of Fluorescence in Analysis of DPN 


| Concentration of salt in 


final mixture 


Average per cent change in 
Substance tested 


fluorometer reading 
from control* 


Magnesium chloride.................... 0.0006 — 26 
Potassium 0.0011 —7 
0.0011 | 0 
Aluminum sulfate....................... | 0.0011 | —1 


* The control contained DPN and hydrogen peroxide, as described in the text. 


Use of Internal Standard As Corrective Factor—Because of the depression 
of the fluorescence by calcium or other ions in the presence of hydrogen 
peroxide during the analysis of DPN, the major factor which one must 
consider is the error in the determination which would accompany this 
interference. Therefore, it was of importance to determine whether the 
use of an internal standard would correct for these effects. 

A known amount of DPN was analyzed in the presence of hydrogen 
peroxide with or without calcium chloride (1.1 * 10-* m in the final mixture 
before analysis). Two other samples containing known higher amounts 
of DPN as the internal standard were also analyzed in the presence or 
absence of calcium. 

It was found that the calculated content of DPN in the absence or 
presence of calcium ions was 96 and 110 per cent, respectively, of the 
theoretical concentration. Both of these values are within experimental 
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error. If the DPN concentration of the calcium-containing solutions had 
been calculated from the standard value determined in the absence of 
calcium, the recovery would have been 63 per cent. Therefore, the use 
of an internal standard compensates for the changes in fluorescence pro- 
duced by peroxide and the interfering ions in Krebs-Ringer buffer. 

Effect of Calcium Tons on Analysis of NMeN—Since the fluorometric 
method used for DPN analysis is also widely employed for determinations 
of NMeN, the effect of calcium ions and hydrogen peroxide on the develop- 
ment of the fluorescence in the analysis for NMeN was studied. It was 
found that a depression of the fluorescence occurred when a mixture con- 
taining 1 y of NMeN hydrogen peroxide and calcium chloride (0.56 * 10-3 
M) was analyzed. However, the effect was less than that occurring with 
DPN since there was a depression of only 17 per cent of the control value 
with NMeN compared to 30 per cent with DPN. 


SUMMARY 


1. A depression of the fluorescence in the analysis of PN and NMeN by 
the method of Huff and Perlzweig (1), as modified by the addition of hydro- 
gen peroxide to oxidize reduced PN and thus to stabilize them in acid 
extraction mixtures, occurs in the presence of Krebs-Ringer phosphate 
buffer. 

2. The components of the buffer solution responsible for the depression 
have been shown to be calcium and magnesium ions. The accompanying 
anions have no effect on the reaction. : 

3. When tested on an equimolar basis, magnesium ions appear more 
effective in depressing the fluorescence than calcium ions. 

4. Calcium ions act by interfering with the formation of the fluorescent 
material rather than by quenching the fluorescence once it is formed. 
An internal standard can be used to compensate for this effect. 
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INHIBITION STUDIES ON ALDEHYDE OXIDASE* 


By JERARD HURWITZ} 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, July 9, 1954) 


During the course of a study of the oxidation of pyridoxine by rabbit 
and rat liver preparations, difficulty was encountered because of the rapid 
secondary oxidation of pyridoxal to pyridoxic acid. This oxidation has 
been demonstrated by Schwartz and Kjeldgaard (2) to be due to the en- 
zyme aldehyde oxidase. Gordon et al. (3), who first purified the enzyme 
from ox liver, demonstrated that aldehyde oxidase was not identical with 
xanthine oxidase, since the two activities could be separated by protein 
fractionation. They found that both enzymes contain FAD! as a pros- 
thetic group and both are capable of oxidizing a variety of aldehydes. 
Knox (4) later discovered that a rabbit liver enzyme capable of oxidizing 
N-methylnicotinamide to the corresponding pyridone compound was 
identical with aldehyde oxidase. 

The above observations have been confirmed in the present work, and 
the effect of a variety of inhibitors on aldehyde oxidase has been studied. 
Aldehyde oxidase is sensitive to PCMB, and this inhibition can be com- 
pletely reversed by glutathione. Like xanthine oxidase (5) and succinic 
dehydrogenase (6), aldehyde oxidase is inhibited by cyanide, the inhibition 
increasing as the time of exposure to cyanide increases. BAL inhibits al- 
dehyde oxidase in a manner similar to its effect on the BAL-sensitive fac- 
tor of the electron transport system described by Slater (7, 8). 


Procedure 


Pyridoxal hydrochloride and FMN were obtained from the Nutritional 
Biochemicals Corporation; N-methylnicotinamide and BAL were supplied 
by Dr. G. Cantoni of the Department of Pharmacology of Western Re- 
serve University; PCMB was a gift from Dr. T. P. Singer of the Institute 


*A preliminary report of this work has been presented (1). This paper is taken 
in part from the thesis submitted by J. Hurwitz to Western Reserve University in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, Sep- 
tember, 1953. 

t Predoctoral Fellow of the National Institutes of Health, 1952-53. 

'The following abbreviations are used: FAD = flavin adenine dinucleotide, 
FMN = flavin mononucleotide, BAL = British antilewisite, PCMB = _ p-chloro- 
mercuribenzoate, DPNH = reduced diphosphopyridine nucleotide, TPNII = re- 
duced triphosphopyridine nucleotide. 
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for Enzyme Research, University of Wisconsin; antimycin was a gift from ml. 
Dr. E. Bueding of the Department of Pharmacology of Western Reserve | — sus 
University; cytochrome c was obtained commercially from Wyeth, Inc., [| un 
Philadelphia; catalase, a crystalline preparation obtained from the Worth- tio 
ington Biochemical Corporation, was dialyzed for 18 hours against running in. 
H,0 at 2°; benzyl viologen and methyl] viologen were kindly supplied by ten 
Mr. Harry Peck of the Department of Microbiology of Western Reserve an 
University; methemoglobin was prepared from recrystallized hemoglobin at 
by the procedure of Dixon and Keilin (5). am 
The determination of pyridoxal was carried out by the procedure of r.p 
Metzler and Snell (9). The ethanolamine-pyridoxal Schiff base is stable, spe 
and a linear calibration curve can be obtained. The enzyme reaction was Wa 
stopped by the addition of trichloroacetic acid, and 1 ml. of the filtrate ml. 
was added to 3 ml. of 50 per cent ethanolamine-water mixture and 2 ml. sat 
of HO. The reaction is rapid, and the color is read at 365 mu. With pre 
this procedure, as little as 0.05 umole of pyridoxal can be determined the 
rapidly. In all cases, zero time controls were carried out as well as de- of 
terminations on the enzyme alone to insure that there was no interference pre 
in the formation of Schiff base. Since high concentrations of BAL or cya- 5» 
nide interfere with the determination of pyridoxal, the concentration of ml. 
these inhibitors was kept below these values. In most of the experiments, ave 
the disappearance of pyridoxal was used as a measure of aldehyde oxidase to 
activity. In all cases formation of pyridoxic acid, as measured by fluoro- ZVI 
metric procedures (10), agreed with pyridoxal disappearance. per 
Aldehyde oxidase was assayed under the following conditions unless sto 
otherwise indicated: 3 & 10-* m pyridoxal, 2 K 10-? mM potassium phos- he: 
phate buffer at pH 7.4, H.O, and enzyme to give a final volume of 3 ml. effe 
The mixture was incubated for 30 minutes at 33.5°, and then the reaction abs 
was stopped by addition of 0.5 ml. of 20 per cent trichloroacetic acid. 40: 
Purification of Enzyme—The enzyme of rabbit liver was purified by the pul 
following procedure. Rabbits were killed by intravenous injection of air ara 
and the livers rapidly removed, washed with ice-cold HO, and homoge- ser 
nized for 3 minutes in a Waring blendor with 5 parts of ice-cold water. Th 
The resulting mixture was centrifuged for 1 hour at 15,000 r.p.m. in the | mo 
No. 20 rotor of a Spinco preparative ultracentrifuge. The supernatant ] 
liquid was filtered through glass wool (total units, 487; specific activity, Oxi 
0.051; protein, 20.5 mg. per ml.).2. The clear red filtrate was cooled to 1° str; 
in an ice bath, and 28.6 gm. of solid (NH4)2SO4 were added for each 100 my 
2A unit is defined as that amount of enzyme which will oxidize 1 wmole of py- in | 
ridoxal under the conditions indicated above. Specific activity = micromoles of 
pyridoxal oxidized (under the above conditions) per mg. of protein, Protein was de- use 
termined by the biuret reaction and standardized with crystalline bovine serum nes 
albumin. 
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ml. (0.4 saturation). The precipitate was collected by centrifugation and 
suspended in ice-cold water (140 ml. for each 100 gm. of liver used) (total 
units, 613; specific activity, 0.154; protein, 28.5 mg. per ml.). This solu- 
tion was then subjected to heat treatment. The entire amount, 140 ml., 
in an Erlenmeyer flask was immersed in a beaker of water at 75° until the 
temperature of the mixture reached 55°, whereupon it was transferred to 
another beaker of water which was maintained at 55°. After 15 minutes 
at this temperature the solution was chilled in an ice-bath to 5°. A large 
amount of denatured protein was removed by centrifugation at 10,000 
r.p.m. The supernatant solution contained 447 units of enzyme, with a 
specific activity of 0.837, and 5.75 mg. of protein per ml. The solution 
was brought to 0.18 saturation with solid (NH4)oSO, (12.87 gm. per 100 
ml.) and the precipitate discarded. The solution was adjusted to 0.4 
saturation by the addition of 15.73 gm. of (NH4)28O, per 100 ml. The 
precipitate was collected and dissolved in 25 ml. of H,O. It is imperative 
that the last step be carried out as rapidly as possible, owing to the lability 
of the enzyme at this stage. The final step should be completed in ap- 
proximately 30 minutes. The final preparation was adjusted to pH 8 with 
5 N NaOH (total units, 306; specific activity, 0.90; protein, 10.4 mg. per 
ml.). The total units, specific activity, and protein concentration are 
averages of five different preparations. The final preparation is unstable 
to freezing and dialysis and is therefore kept at 1° in solution. The en- 
zyme gradually loses activity; after 1 month at this temperature, over 50 
per cent of the activity had disappeared. The lost activity was not re- 
stored by addition of boiled yeast extract. The final preparation is 
heavily contaminated with catalase and the addition of catalase has no 
effect on the reaction. For routine analyses, catalase was omitted. The 
absorption spectrum of the preparation at this stage has a shoulder at 
405 mu, but no other peaks corresponding to a flavin. Carpenter (11) has 
purified aldehyde oxidase of pig liver and removed catalase. Such prep- 
arations show no typical flavin peaks. Carpenter (11), interestingly, ob- 
served that high concentrations of NH ,* stimulated aldehyde oxidase. 
This may account for the increase in total units noted after the first am- 
monium sulfate fractionation. 

Pyridoxal was used as a substrate for aerobic oxidation with aldehyde 
oxidase. When spectra were taken, pyridoxal was undesirable as a sub- 
strate, owing to its absorption at high concentrations in the region of 400 
mu. In these experiments, N-methylnicotinamide, which does not absorb 
in this region, was used as substrate. 

In experiments in which anaerobic conditions were necessary, the gas 
used (He or N2) was freed of O. by passing it over a Cu coil heated to red- 
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Results 


It was of interest to determine whether aldehyde oxidase was also capa- 
ble of oxidizing pyridoxal phosphate. Aldehyde oxidase, like xanthine 
oxidase (12), reduces cytochrome c even under aerobic conditions, and this 
property was used to determine whether pyridoxal phosphate was oxidized. 
No evidence of such an oxidation was obtained (Fig. 1), nor does the phos- 
phorylated derivative interfere with the oxidation of pyridoxal. The 
slight initial increase at 550 mu observed with pyridoxal phosphate may be 
due to the presence of small amounts of pyridoxal. Upon the addition of 
5 umoles of pyridoxal (Curve 1, arrow) there is a comparatively slow re- 
duction of cytochrome c over a 10 minute period, followed by a rapid 
reduction which continues to completion. This may be explained by the 
following reactions: 


(1) Pyridoxal + aldehyde oxidase-FAD — pyridoxie acid + aldehyde oxidase-FADH, 
(2) Aldehyde oxidase-FADH, + — aldehyde oxidase-FAD + 
(3) Aldehyde oxidase-FADH, + 2 eytochrome c-Fet*+* — 

aldehyde oxidase-FAD + 2 cytochrome c Fe** + 2H* 


Reactions 2 and 3 indicate that O. competes with cytochrome c for the 
reduced flavin enzyme. The slow initial rate observed in Fig. 1, Curve 1, 
would require Reaction 2 to be faster than Reaction 3. That this is the 
case is Shown in Fig. 2, where a comparison is made between the reduction 
of cytochrome c under aerobic and anaerobic conditions. Exclusion of 
oxygen increased the rate of cytochrome c reduction 3-fold, and the reac- 
tion progressed to completion without any evidence of an increased rate, 
as observed in Fig. 1. 

Inhibition of Aldehyde Oxidase—Evidence has been compiled indicating 
that free sulfhydryl groups are necessary for enzymatic activity. PCMB 
at a concentration of 6.67 X 10-5 m produced 88 per cent inhibition (Table 
I). The product of reaction of the enzyme and the mercurial is readily 
dissociated, as indicated by reversal of the inhibition by glutathione. 
Even after 100 per cent inhibition is produced by 1 X 10-* m PCMB, 
54 * 10-4 m glutathione completely reversed it. Iodoacetic acid, how- 
ever, at a concentration of 5.67 * 10-4 mM caused only 20 per cent inhibition. 

During the aerobic incubation, the oxidation of substrate depends upon 
catalase as well as aldehyde oxidase. To prove that the inhibition is on 
aldehyde oxidase, it was necessary to determine the inhibition under con- 
ditions in which catalase has no effect on the reaction. This could be done 
under anaerobic conditions by taking the reduction of free FMN as a 
measure of the enzymatic activity. In Fig. 3 the rate of reduction of free 
FMN by N-methylnicotinamide is shown. With low concentrations of 


en: 
of 
is 
the 
pe 
is 
act 
ph 
0.1 
an 
we 
C. 
C,: 
ari 
re 
in 
th 
pr 
4) 
th 
so 
W: 
nl 
hi 
ae 


J. HURWITZ 761 


enzyme, Curve C is obtained, which is the curve of the control (no PCMB) 
of Table I, under anaerobic conditions. It can be seen that the reaction 
is rapid and that the assay is dependent on anaerobiosis. A summary of 
the effect of PCMB on aldehyde oxidase assayed by FMN reduction ap- 
pears 1n ‘Table [. The increased sensitivity of the enzyme to the inhibitor 
is due to the decrease in the concentration of the enzyme. 

Inhibition by Cyanide—-The enzyme was found to be sensitive to cyanide 
(Table If). Final concentrations of cyanide higher than 3.33 XK 107 M 
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Kia. 1. Inability of aldehyde oxidase to oxidize pyridoxal phosphate. The re- 
action mixture consisted of the following: Curve 1, 2.58 K 107% mM pyridoxal phos- 
phate, 2 X 10°? M potassium phosphate buffer, pH 7.5, 0.5 ml. of enzyme (3.95 units), 
0.1 ml. of catalase diluted 1:10 (2.5 units), 0.2 ml. of cytochrome ¢ (5 mg. per ml.), 
and water to give a total volume of 3.0 ml.; at 10 minutes, 5 wmoles of pyridoxal 
were added; Curve 2, all conditions the same, except that pyridoxal was omitted. 

Fig. 2. Comparison of the rate of serobic and anaerobic reduction of cytochrome 
ec. 9X pyridoxal, 2 10°? Mm phosphate buffer, 7.4, 1 mg. of cytochrome 
c, and 1.49 units of aldehyde oxidase; water to give a total volume of 3.0 ml. Curve 
1, anaerobie reduction of evtochrome c. Aldehyde oxidase was placed in the side 
arm of an anaerobic cell which was gassed 7 minutes with helium. Curve 2, aerobic 
reduction of evtochrome ce. Aldehyde oxidase was added to start the reaction. 


interfered with the determination of pyridoxal and pyridoxic acid. In 
these experiments, the enzyme (1.4 units) and cyanide were in contact for 
5 minutes prior to the addition of pyridoxal. When the length of this 
preincubation period was increased, an increased inhibition occurred (Fig. 
4). In the case of the controls, water was substituted for cyanide. When 
there was no preincubation (when the enzyme was added directly to the 
solution containing pyridoxal and cyanide), an inhibition of 18 per cent 
was observed, while with 45 minutes of preincubation of enzyme and cya- 
nide complete inhibition of pyridoxal oxidation was obtained. The in- 
hibition was the same whether the enzyme and cyanide were preincubated 
aerobically or anaerobically. 
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The small but definite inhibition produced with no preincubation is re- 
producible. Possibly this effect is due to cyanohydrin formation between 
pyridoxal and cyanide. This reaction has been studied in some detail. 


TABLE I 
Inhibition by p-Chloromercuribenzoate and Reversal by Glutathione 


Final concentration of inhibitor | Glutathione addition | Pyridoxal oxidized | Per cent inhibition 
Aerobic 
M M | 
None | None | 1.61 
3.3 X 10°5 | “ | 1.45 | 10 
4.9 X 10-5 | “ | 0.80 50.5 
6.67 K | | 0.19 SS 
1x 10-4 | “ | 0.0 | 100 
None | 5.4 & 10-4 | 1.4 | 13 
6.67 X | 5.4 X 10-4 1.32 18 
1x 104 | 5.4 x 10-4 1.47 9 
Anaerobic 


Decrease in optical density at 
450 my in 90 sec. | 


None | 192 


5 xX 10-6 | 121 | | 37 
16.7 X 10° 9 | 95 
66.7 X 10° | 0 | | 100 


Aerobic Conditions—KEinzyme 1.8 units, and all other conditions as described in 
the experimental section. In the case of PCMB additions, the enzyme, inhibitor, 
and buffer were preincubated 10 minutes, and then pyridoxal was added to start 
the reaction. After incubation of the enzyme with PCMB, glutathione was added 
and an additional 10 minute preincubation carried out. All preincubations were 
carried out at 25°. 

Anaerobic Conditions—1 XK 10° m FMN; 2 X 10°? mM phosphate buffer, pH 7.4; 
1 X 10? Mm N-methylnicotinamide; 0.6 unit of aldehyde oxidase, PCMB, and water 
to give a total volume of 3.0 ml. The enzyme and the inhibitor were placed in the 
side arm of an anaerobic cell and preincubated 10 minutes. During the preincuba- 
tion period, the solution was gassed for 7 minutes with helium. The decrease in 
absorption at 450 my was measured between 30 and 120 seconds after the addition 
of the contents of the side arm. 


The reaction between pyridoxal and cyanide shifts the peak of the absorp- 
tion spectrum of pyridoxal from 325 to 345 my. The extent of reaction 
between cyanide and pyridoxal reveals a pH optimum at 5.5, while at pH 
7.4 the reaction is 60 per cent that of the optimum. The reaction is more 
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rapid at elevated temperatures, but proceeds to an appreciable extent at 
room temperature. In the experiments of Fig. 4, the concentration of 
pyridoxal was 30 times that of the cyanide added. If all the cyanide re- 
acts with pyridoxal to form the cyanohydrin, this would only remove 3 per 


-4- 


| 2 3 
TIME (MINUTES) 


Fic. 3. Reduction of free FMN by aldehyde oxidase. For Curve A, the reaction 
mixture consisted of 1 10°'m FMN, 1 X 10°? mM N-methylnicotinamide, 2 10-2 M 
potassium phosphate buffer, pH 7.4, 1.13 units of aldehyde oxidase in the side arm 
of an anaerobic cell, and water to give a volume of 3.0 ml. The solution was gassed 
7 minutes with helium. After the admission of air, as indicated, a few crystals of 
NaoS.0, were added at 190 seconds. Curve B, the same, run aerobically. Curve C 
is the control of Table I, in which no PCMB was added. 


TABLE II 
Inhibition of Aldehyde Oxidase by Cyanide 
Final concentration of inhibitor | Pyridoxal oxidized | Per cent inhibition 
None 1.15 | 
1.68 1.33 | 0 
3.33 0.858 | 25.2 
1.67 K 10° 0.525 | 54 
3.33 &K 0.354 69.5 


KCN was neutralized immediately before use and then added to a solution con- 
taining water, phosphate buffer, and enzyme (1.4 units). About 5 minutes after the 
addition of KCN, pyridoxal was added. All other conditions are the same as in 


Table I. 


cent of the substrate. The 15 to 20 per cent inhibition indicated either 
that the cyanohydrin is capable of inhibiting the oxidation of pyridoxal or 
that some inhibition occurred instantly. Further work on the formation 
of cyanohydrin was not carried out, owing to the ease of reversibility of the 
reaction.? The major part of the inhibition of aldehyde oxidase by cya- 
nide apparently is not due to the cyanohydrin formation. If the inhibi- 


* Hurwitz, J., unpublished observations. 
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tion were due solely to cyanohydrin formation, the inhibition should be 
reversed by methemoglobin, since methemoglobin can react with free cya- 
nide to form a cyanomethemoglobin complex (13). Neither methemo- 
globin nor the addition of large amounts of catalase after preincubation 
caused any reversal of inhibition. The ability of methemoglobin to bind 
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Fic, 4. Effect of preincubation of aldehyde oxidase with evanide. @, incubated 
under anacrobie conditions; O, incubated under aerobie conditions; A, plus 5 units 
of catalase; A, plus 0.5 ml. of 10 per cent solution of methemoglobin. 1 & 10-4 m 
KCN, enzyme, and buffer were preincubated the indicated length of time at 25°. 
The per cent inhibition is calculated from the control, which was preincubated iden- 
tically, with water in place of KCN. The final concentration of evanide after the 
addition of substrate and water was 3.33 10-5 For anaerobic preincubations, 
cyanide in 0.1 ml. of 0.01 s NaOH was placed in the side arm of a Thunberg tube 
and enzyme and buffer in the main compartment. The tubes were evacuated, 
gassed with N» four times, and finally evacuated. The cyanide was added at zero 
time and the mixture preincubated the indicated length of time. The tubes were 
then opened to the air, and pyridoxal and water were quickly added. The oxidation 
of pyridoxal was carried out aerobically. In the case of catalase addition, after the 
preincubation period, catalase and pyridoxal were added. Methemoglobin was 
added in the same way as catalase except in the experiment indicated by the sin- 
gle point A. Here, methemoglobin was added after eyanide was preincubated 
with the enzyme for 2 minutes, and an additional preincubation for 11 minutes was 
carried out prior to the addition of pyridoxal. 


cyanide is shown by point A, Fig. 4. The inhibition there is only 39 per 
cent, while that produced by 13 minutes preincubation is approximately 
75 per cent (Fig. 4). The inhibition calculated for 2 minutes preincuba- 
tion is 30 per cent. ‘The additional 10 per cent inhibition is probably due 
to a definite time lag before cyanide reacts with methemoglobin (calculated 
time lag of 2 minutes). 

To determine whether an easily dissociable metal ion is a component of 
the aldehyde oxidase system, Versene and ion exchange treatments were 


D« 

pa 

an 

the 

As 

10 

60 ink 
pre 

40 aA ab 
20 by 
(ol 

tio 

diz 

rec 

B: 

an 

sys 

B:z 

un 

th 

du 

en 

B: 

of 

en 

of 

er 

Ca 

in 

th 

10 

lat 

sti 

at 

sh 

pe 


J. HURWITZ 765 


tried. Treatment of the enzyme with 8 X 10-* m Versene as well as with 
Dowex 1 or IRC-50 in the Nat form neither stimulated nor inhibited the 
enzyme. These results are not considered evidence against metal partici- 
pation in the reaction. The enzyme solutions used contain appreciable 
amounts of (NH,4)2SO0,4, which could not be removed without inactivating 
the enzyme.’ 

Effect of BAL—-Low concentrations of BAL were strongly inhibitory. 
As measured by pyridoxal disappearance, a final concentration of 1.67 x 
10-°> m BAL caused 50 per cent inhibition and 3.33 & 107° mM, 77 per cent 
inhibition. When BAL is converted to the oxidized form by Cut in the 
presence or absence of catalase, 3.33 X 10~° M oxidized BAL produced only 
about 30 per cent inhibition of pyridoxal disappearance. The inhibition 
by oxidized BAL is probably due to the oxidation of an essential SH group 
(or groups) of the enzyme, but this would be accompanied by the forma- 
tion of reduced BAL. Consequently, the inhibition observed with oxi- 
dized BAL reflects both protein-SH oxidation and effects of regenerated 
reduced BAL. Because of these complications, further work with oxidized 
BAL was not carried out, but it appears that oxidized BAL is not as potent 
an inhibitor as reduced BAL. 

It has been shown by Slater (7) that a component of the succinic oxidase 
system connecting succinic dehydrogenase and cytochrome c is labile to 
BAL treatment. This factor has been demonstrated to be more labile 
under aerobic than under anaerobic conditions. To determine whether 
this was the case with aldehyde oxidase, spectrophotometric assay of re- 
duction of free FMN was used, since BAL does not reduce this flavin non- 
enzymatically. In Table III, Experiment 1, it can be seen that, when 
BAL is in contact with aldehyde oxidase for only 3 minutes in the presence 
of air, the reduction of free FMN is largely inhibited. When BAL and the 
enzyme are in contact under anaerobic conditions, the same concentrations 
of BAL cause only slight inhibition. When the BAL concentration is in- 
creased, there is inhibition under anaerobic conditions; 3.33 &K 107° mM BAL 
causes only slight inhibition and 6.67 * 10-° m BAL causes 30 per cent 
inhibition. Under aerobie preincubation of BAL and enzyme it is clear 
that the oxidation is more readily inhibited. In Experiment 1, 3.33 X 
10-§ m BAL caused 20 per cent stimulation of a preparation. The stimu- 
lation could possibly be due to the presence of SH groups in the oxidized 
state and their conversion to the reduced state by BAL. 

Attempts to locate any spectral shift that could be attributed to alter- 
ation in the flavin absorption by BAL were negative. There is a slight 
shift, but this is in the region of catalase absorption. 

4 After this paper was prepared, it was shown (14) that molybdenum is a com- 
ponent of aldehyde oxidase. 
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It has been found (15-17) that antimycin inhibits succinic oxidase at 
the same site that BAL and freezing and thawing do (18). However, con- 


TABLE III 
Inhibition of Aldehyde Oxidase by BAL 
ont 
and 210 sec. | 
| 
1 None | 172 
6.67 X 10-5 Aerobie | 9 89 
105 | 35 79.5 
1.67x 10° | as 64.5 
3.33 X 200 18.5 (Stimulation) 
3.33 x | «6216 24.8 
6.67 10-5 Anaerobie | 112. | 30 
3.33 & 10°5 as | 148 8.2 
1.67 10°5 166 0) 
2 None | 159 
6.67 Aerobie = 24.3 
1.67 1075 | 60 
6.67 10°° Anaerobic | 151 5 
167x105 | 6.3 


In Experiment 1, the reaction mixture contained 0.3 unit of aldehyde oxidase, 
1 X 10° Mm \-methylnicotinamide, 2 X 10°? M potassium phosphate buffer, pH 7.4, 
1X 10-4 mM FMN, and BAL as indicated in a total volume of 3.0 ml. In Experiment 
2, the amounts of the constituents added were the same as in Experiment 1, with 
the exception that 0.4 unit of aldehyde oxidase (0.44 mg. of protein, specific activity 
0.92 when initially prepared), aged 2 weeks, was used. In the aerobic experiments, 
BAL and the enzyme were incubated in the side arm of an anaerobic cell for 3 min- 
utes; then the entire solution was gassed for 7 minutes with N». BAL and the 
enzyme were in contact for 15 minutes before they were added to the main compart- 
ment of the anaerobic cell to commence the reaction. For the anaerobie experi- 
ments, in Experiment 1, BAL was placed in the side arm of the anaerobic cell, and, 
after gassing for 5 minutes, the enzyme was added by syringe through the open 
stop-cock while gassing still continued. In this way enzyme and BAL were never 
in contact during an aerobic period. The gassing was continued for an additional 
2 minutes. In Experiment 2, the enzyme was present initially and, after 5 minutes 
of gassing, BAL was added as above. All other conditions were the same as de- 
scribed above. 


centrations of antimycin up to 10 y in 3 ml. had no effect on aldehyde 
oxidase. 

It is concluded that the effect of BAL is on aldehyde oxidase and not on 
catalase. It is also concluded that aerobically BAL is more effective as 
an inhibitor than under anaerobic conditions. 
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Like other flavin enzymes, aldehyde oxidase is capable of reducing a 
variety of compounds. The enzyme can reduce the viologen dyes of 
known potential (19). With N-methylnicotinamide as the substrate, 80.6 
per cent reduction of benzyl viologen (/’) of —0.395 volt) was obtained, 
while with methyl viologen (/’, of —0.446 volt), only 10.2 per cent reduc- 
tion was observed. The potential of the solution, calculated according to 
Michaelis and Hill (19), is —0.398 and —0.390 volts with benzyl viologen 
and methyl viologen respectively. 


DISCUSSION 


The inability of pyridoxal phosphate to be oxidized 1s in accord with the 
specificity found by Gordon et al. (3). 

The demonstration of the reversibility of the reactions catalyzed by 
glucose oxidase (20) and Zwischenferment (21) suggested the possibility 
that the oxidation of pyridoxal might be reversible. In the cases cited 
their reversibility is attributed to the intermediate formation of a lactone. 
In the case of pyridoxal, if an inner hemiacetal were the substrate of alde- 
hyde oxidase, the expected product of the dehydrogenation would be pyri- 
doxie acid lactone. Pyridoxic acid lactone, unlike gluconolactone, is stable 
at neutral pH, and so far no system capable of hydrolyzing this compound 
has been found. That the product of pyridoxal dehydrogenation is not 
this stable lactone was shown by the increase in fluorescence of the product 
after acid treatment (10, 22), which converts pyridoxic acid to the lactone. 
It is concluded that the latter is not involved in the conversion of pyridoxal 
to pyridoxic acid. 

The participation of protein-SH groups in the reaction is strongly sug- 
gested by the inhibition of the enzyme by PCMB and the complete re- 
versal of this inhibition by glutathione. The participation of SH groups 
is interesting, since it parallels the participation of glutathione in the oxi- 
dation of aldehydes by triosephosphate dehydrogenase (23). 

The nature of the inhibition of aldehyde oxidase by cyanide is not clear 
at present. The recent demonstration of metal participation in various 
flavin enzyme reactions (24-29) makes the postulate of a cyanide-metal 
complex very attractive. Mahler and Elowe (29) have postulated that in 
the reaction catalyzed by cytochrome c reductase the metal component 
(iron) is concerned with the l-electron transfer to cytochrome c, while the 
2-electron transfer is independent of the metal. It, has been found that 
molybdenum is a component of xanthine oxidase (24, 25, 27).4. The strik- 
ing similarity between aldehyde oxidase and xanthine oxidase with respect 
to substrates oxidized and the manner of cyanide inhibition would suggest 
that cyanide acts in a similar manner on both enzymes. If cyanide in- 
hibits by binding molybdenum of xanthine oxidase, then there should be 
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no inhibition of reactions involving 2-electron transfers, if Mahler and 
Elowe are correct. However, in the case of xanthine oxidase, as well as 
with aldehyde oxidase, cyanide inhibition is observed with 2-electron trans- 
fers. Dixon and Keilin (5) found that reduction of methylene blue by 
xanthine oxidase was inhibited, and Morell (30) reported inhibition with 
free FAD as the electron acceptor. In the case of aldehyde oxidase, cya- 
nide inhibits the reduction of free FMN and oxygen. Consequently, in 
accord with the postulate of Mahler and Elowe, the cyanide inhibition 
must occur at a site other than the metal. If this is the case, this site of 
inhibition must be concerned with a step which precedes the reduction of 
the enzyme-bound FAD. This site could be an SH group. 

It is interesting that the irreversible cyanide inhibition described for 
xanthine oxidase and aldehyde oxidase, two flavin enzymes, is similar in 
certain respects to that found with succinic dehydrogenase (6). The other 
similarity between succinic dehydrogenase and flavin enzymes is the ability 
to reduce cytochrome b (31). Tsou (6) has discussed the possibility that 
succinic dehydrogenase is a flavin enzyme. 

While it is possible that aldehyde oxidase may contain an S—-S linkage 
which is necessary for activity, the observation that anaerobic condition’ 
markedly decrease the BAL inhibition would argue against this. The i.- 
hibition of aldehyde oxidase by BAL is of particular interest because of its 
similarity, in certain respects, to that observed by Slater (7). It is also 
interesting to note that BAL is capable of inhibiting other flavin enzymes. 
This is true of DPNH-cytochrome c reductase (32), and it has been men- 
tioned that TPNH-cytochrome c reductase of yeast is inhibited by BAL.§ 
At present, the mechanism of BAL inhibition is unknown. It is interest- 
ing to note that the inhibition of aldehyde oxidase by BAL affects the 
transfer of electrons to 2-electron acceptors (oxygen and free FMN). In 
the case of succinic oxidase, BAL inhibits a 1-electron transfer (7). 


The author is indebted to Dr. 8. J. Cooperstein for many helpful dis- 
cussions. 


SUMMARY 


1. Aldehyde oxidase has been shown to be capable of reducing cyto- 
chrome c under both aerobic and anaerobic conditions. 

2. It has been found that the enzyme is inhibited by p-chloromercuri- 
benzoate. This inhibition can be completely reversed by glutathione. 

3. The enzyme is progressively inhibited by cyanide, and after 60 min- 
utes preincubation 100 per cent inhibition is obtained. The cyanide in- 
hibition is irreversible and identical under aerobic and anaerobic conditions. 


>This is quoted in Edelhoch et al. (32) as a communication from Slater. 
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4. BAL is a potent inhibitor of aldehyde oxidase. This inhibition is 


more pronounced after aerobic than anaerobic preincubation. 


5. The reduction of various electron acceptors by aldehyde oxidase has 


been studied. 


6. The similarity of aldehyde oxidase to xanthine oxidase as well as to 


succinic dehydrogenase has been discussed. 
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REDUCTION OF CYTOCHROME OXIDASE BY LIVER 
ALDEHYDE OXIDASE* 


By JERARD HURWITZf anv 8. J. COOPERSTEIN 


(From the Departments of Biochemistry and Anatomy, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, July 9, 1954) 


The pioneer work of Warburg (2), Keilin (3, 4), and others has clearly 
established the réle of the cytochromes as electron carriers from various 
dehydrogenase systems to oxygen. Of the three types of dehydrogenase 
systems listed by Green (5), only in the case of the ‘“‘aerobic” or “flavin 
dehydrogenases” is the participation of the cytochrome system in some 
doubt. The purification of TPNH!- (6, 7) and DPNH- (8) cytochrome c 
reductases and the demonstration of their ability to reduce cytochrome c 
have clearly defined the linkage between the ‘“‘coenzyme dehydrogenases”’ 
and the cytochromes. The pathway from the ‘‘cytochrome dehydrogen- 
ases,’’ exemplified by succinic dehydrogenase, to cytochromes c and oxidase 
is less well understood. The suggestion that cytochrome b mediates the 
reaction between succinic dehydrogenase and cytochrome c has been 
offered (9, 10), but contrary evidence has also been presented (11). In 
addition many workers have suggested the involvement of another, un- 
identified, factor (9, 12-17). 

While the “aerobic dehydrogenases” are capable of by-passing the cyto- 
chrome system and transferring electrons directly to oxygen, most of these 
flavin enzymes also reduce cytochrome c. Indeed it is likely that cyto- 
chrome c is the physiological acceptor, since at low oxygen tensions flavin 
enzymes do not react with oxygen very efficiently (18). 

In all these dehydrogenase systems electrons must be transferred to 
cytochrome c before they are passed to cytochrome oxidase? and thence to 


* Supported in part by a grant from the Cleveland Area Heart Society. <A pre- 
liminary report of this work has appeared (1). 

t Predoctoral Fellow of the National Institutes of Health, 1952-53. 

' The following abbreviations are used in this paper: TPN = triphosphopyridine 
nucleotide, TPNH = reduced triphosphopyridine nucleotide, DPNH = reduced di- 
phosphopyridine nucleotide, FAD = flavin adenine dinucleotide, FMN = flavin 
mononucleotide. 

2 In this paper the term ‘‘cytochrome oxidase’’ indicates the enzyme or enzyme 
complex which catalyzes the oxidation of reduced cytochrome ¢ by molecular oxy- 
gen. It is considered identical with the enzyme or enzymes having visible absorp- 
tion spectrum maxima at 442 and 603 mp. These absorption maxima may represent 
two different components, both of which are necessary for the oxidation of cyto- 
chrome ec (4). 
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oxygen (3). Early workers (19, 20) presented evidence that cytochrome c 
does not necessarily mediate the reaction between the “coenzyme de- 
hydrogenases” and cytochrome oxidase, but this has since been refuted 
(10, 21-23). It is now generally accepted that cytochrome oxidase is ab- 
solutely specific with respect to its electron donor; the only enzyme which 
transfers electrons to cytochrome oxidase (7.e., reduces it) is cytochrome ¢ 
(24, 25). 

Aldehyde oxidase is an *‘aerobic dehydrogenase” which oxidizes a num- 
ber of different substrates (26-28). This FAD-containing enzyme reacts 
with both oxygen and cytochrome c as well as with a variety of artificial 
electron acceptors (28). The experiments reported herein demonstrate 
that aldehyde oxidase also reduces both cytochrome b and cytochrome 
oxidase, and strong evidence is presented that cytochrome c does not 
mediate these reactions. 


Materials and Methods 


Preparations—TPNH-cytochrome c reductase* was prepared from yeast 
by the procedure of Haas et al. (6), lyophilized, and dissolved in 0.5 M po- 
tassium phosphate buffer, pH 7.4, just prior to use. 

Glucose-6-phosphate was prepared according to the method of Horecker, 
as described by Sable and Calkins (29).4 The crystalline barium salt was 
converted to the potassium salt before use by acidification with sulfuric 
acid, centrifugation to remove barium sulfate, and neutralization with 
potassium hydroxide. 

Glucose-6-phosphate dehydrogenase was prepared from brewers’ yeast 
by the method of Kornberg (30), lyophilized, and dissolved in water just 
prior to use. 

TPN (80 per cent pure) was obtained from the Sigma Chemical Com- 
pany and cytochrome c was purchased from Wyeth, Inc. 

Aldehyde oxidase was prepared as described previously (28) and \- 
methylnicotinamide was a generous gift of Dr. G. Cantoni. 

Cytochrome oxidase was dissolved and partially purified with sodium 
deoxycholate in the manner described previously (2 to 3 per cent prep- 
aration) (31), except that the insoluble preparation was first diluted with 
0.1 mM NasHPO,-KH2PO, buffer, pH 7.4, to a protein concentration of 25 
mg. per ml. In order to remove most of the deoxycholate, which inhibits 
the reactions herein reported, the following procedure was devised.* 


’ The authors are indebted to Dr. FE. B. Kearney and Dr. T. P. Singer for the 
preparation of TPNH-cyvtochrome c reductase. 

4The preparation of barium glucose-6-phosphate was kindly supplied by Dr. H. 
Z. Sable. 

5 This work was done in collaboration with Mr. Marvin Abrams, who carried out 
the project in partial fulfilment of the requirements of the Phase I curriculum of 
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The soluble cytochrome oxidase preparation was diluted with an equal 
volume of water and dialyzed 15 to 18 hours at 2° against running 0.001 m 
sodium bicarbonate. The slight precipitate which formed during dialysis 
was removed by centrifugation at 18,000 * g for 30 minutes. To each 
ml. of supernatant fluid, 0.052 ml. of alumina Cy gel (26.3 mg. of dry weight 
per ml.) (32) was added. After 5 minutes the gel was removed by cen- 
trifugation and 0.115 ml. of alumina Cy gel were added to each ml. of super- 
natant fluid. After 5 minutes the gel was again removed and the super- 
natant fluid lyophilized. The dry powder was dissolved in ice-cold 0.05 
mM glycylglycine buffer, pH 8.0, to a protein concentration of 2.5 mg. per 
ml. The solution was brought to 0.2 saturation with ammonium sulfate 
(14.3 gm. per 100 ml.), and after 5 minutes it was centrifuged at 18,000 
xX g for 30 minutes. The colorless supernatant fluid, which was usually 
gelatinous, was decanted. The greenish sticky precipitate was dissolved 
in water (sometimes with the aid of a glass tissue homogenizer) and 
dialyzed 15 to 18 hours against running 0.001 mM sodium bicarbonate at 2°. 
After the addition of 0.5 volume of 0.1 mM glycylglycine buffer, pH 8.0, the 
dialysate was centrifuged for 30 minutes at 18,000 K g. The supernatant 
fluid was lyophilized and dissolved in 0.045 m glycylglycine buffer, pH 7.4, 
just prior to use. 

Cytochrome b was prepared by deoxycholate fractionation in a manner 
similar to that reported previously (33). The insoluble cytochrome oxi- 
dase preparation (25 mg. of protein per ml.) was first extracted with 1.5 
per cent sodium deoxycholate in the usual way (33). The extract, which 
contained a relatively large amount of cytochrome c and very little cyto- 
chrome b, was discarded. The precipitate was suspended in the original 
volume of 0.1 M NasHPO wW-KH2PO, buffer, pH 7.4, and 5 mg. of sodium 
deoxycholate were added to each ml. of suspension. The supernatant fluid 
obtained after centrifugation at 18,000  g for 60 minutes contained more 
cytochrome b than the previous extract, as well as some cytochrome c. 
The precipitate was again suspended, and 5 mg. of sodium deoxycholate 
were added to each ml. The supernatant fluid obtained after centrifuga- 
tion contained relatively large amounts of both cytochrome b and cyto- 
chrome oxidase, but no detectable cytochrome c (see Fig. 6). This prepa- 
ration was lyophilized and dissolved in 0.5 mM glycylglycine buffer, pH 7.4, 
just prior to use. 


Methods 


All experiments were carried out in the anaerobic spectrophotometer 
cell designed by Lazarow and Cooperstein (34). Readings were taken in 


the School of Medicine of Western Reserve University. Further details will be 
published. 
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the Beckman model DU spectrophotometer equipped with a pinhole at- 
tachment (35). Either 1.1 ml. of cytochrome oxidase (10 mg. per ml.) or 2 
ml. of cytochrome b (21.3 mg. per ml.) were pipetted into the main body 
with enough water to bring the final reaction volume to 2.2 ml. When the 
aldehyde oxidase system was used as the reducing agent, 0.1 ml. of 0.1 m 
N-methylnicotinamide was also added to the main body, and 0.1 ml. of 
the aldehyde oxidase preparation (1.5 units (28)) was placed in the side 
arm. In the experiments with the TPNH-cytochrome c reductase system, 
0.2 ml. of 0.01 m glucose-6-phosphate, 0.1 ml. of TPN (3.75 mg. per ml.), 
0.03 ml. of TPNH-cytochrome c reductase (20 mg. per ml.), and 0.05 ml. 
(0.12 unit (30)) of glucose-6-phosphate dehydrogenase (6 mg. per ml.) were 
pipetted into the side arm. When ascorbic acid was used, 0.22 ml. of a 
neutralized 0.114 m solution was added to the side arm. All other addi- 
tions (see ‘‘Results’’) were pipetted into the main body in place of an equal 
volume of water. 

The cells were flushed for 10 minutes with nitrogen which had been 
passed through electrically heated copper screens to remove traces of oxy- 
gen. <A zero time reading was taken, and the contents of the side arm were 
tipped into the main body. The rate of cytochrome oxidase reduction 
was measured by following the increase in extinction at 442 my; the rate 
of cytochrome c reduction was followed by the increase at 550 mu. At 
appropriate times absorption spectra were taken. In the experiments on 
reduction of cytochrome oxidase, air was then bubbled through the cell to 
obtain a reading at 442 muy, corresponding to complete oxidation. When 
cytochrome c reduction was measured, a reading corresponding to com- 
plete oxidation was obtained at 550 mu by the addition of potassium ferri- 
cyanide. All operations were carried out at room temperature, which was 
25° + 1°. All spectra have been corrected for absorption by the flavin 
enzyme system. 


Results 


Reduction of Cytochrome Oxidase and Cytochrome c—Fig. 1 demonstrates 
that the aldehyde oxidase system readily reduced cytochrome oxidase. 
The spectrum of oxidized cytochrome oxidase in our preparation has a 
single peak at 418 my; on reduction with sodium hydrosulfite the bands of 
reduced cytochrome oxidase at 442 and 603 my rapidly appear. An iden- 
tical spectral shift occurred upon the addition of NV-methylnicotinamide 
and liver aldehyde oxidase. When air was then bubbled through the cell, 
the readings at 442 and 418 my returned to their original level; therefore 
the reduction is reversible. When the aldehyde oxidase was boiled for 7 
minutes before addition to the reaction mixture, cytochrome oxidase was 


not reduced (Fig. 1). 
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It will be noted that none of the absorption maxima of reduced cyto- 
chrome ¢ (at 415, 520, and 550 my (4)) are present in the cytochrome 
oxidase preparation (Fig. 1). This would appear to rule out the partici- 
pation of cytochrome c in the reaction between aldehyde oxidase and cyto- 
chrome oxidase, and hence cast doubt on the specificity of cytochrome 
oxidase mentioned previously. However, it seemed possible that spectro- 
photometrically undetectable amounts of cytochrome c were present in the 
cytochrome oxidase preparation and that the reaction was in fact being 
mediated by this enzyme. If this were true, then any system which re- 
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Fic. 1. Reduction of cytochrome oxidase by the aldehyde oxidase system. Curve 
1, oxidized cytochrome oxidase; Curve 2, cytochrome oxidase reduced by sodium 
hydrosulfite; Curve 3, 10 minutes after addition of aldehyde oxidase to a mixture of 
cytochrome oxidase and \N-methyInicotinamide; Curve 4, 30 minutes after addition 
of boiled aldehyde oxidase to a mixture of cytochrome oxidase and N-methylInicotin- 
amide. 


duces cytochrome c as rapidly as does the aldehyde oxidase system should 
also reduce the cytochrome oxidase in this preparation with equal rapidity. 

TPNH-cytochrome c¢ reductase and ascorbic acid both reduce cyto- 
chrome c¢ rapidly (6, 36). A comparison of the rates of reduction of cyto- 
chrome c by ascorbic acid, the TPNH-cytochrome c reductase system, and 
the aldehyde oxidase system is presented in Fig. 2. Since deoxycholate 
inhibits both flavin enzyme systems, it was necessary to maintain condi- 
tions identical with those used for the study of cytochrome oxidase reduc- 
tion. Therefore, these experiments were performed anaerobically in the 
presence of the cytochrome oxidase preparation, 0.1 ml. of 8.15 K 10-5 mM. 
cytochrome c being substituted for an equal volume of water. Under these 
conditions cytochrome ¢ was reduced much more rapidly by both ascorbic 
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acid and the TPNH-cytochrome c reductase system than by the aldehyde 
oxidase system. In fact the reduction was so rapid that in both cases it 
was essentially complete before the first reading could be obtained; conse- 
quently the curves in Fig. 2 represent minimal rates. 

If aldehyde oxidase reduces cytochrome oxidase only through the medi- 
ation of traces of cytochrome c in the cytochrome oxidase preparation, one 
would certainly expect on the basis of these results that both the TPNH- 
cytochrome c reductase system and ascorbic acid should also reduce cyto- 
chrome oxidase rapidly. However, Figs. 3 and 4 show that both systems 
reduced cytochrome oxidase at a relatively negligible rate, which makes 
this hypothesis untenable. 


700- 3 
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Fic. 2. Reduction of cytochrome c. Curve 1, by the aldehyde oxidase system; 
Curve 2, by the TPNH-cvtochrome c reductase system; Curve 3, by ascorbic acid. 


In view of the method of preparation (28), contamination of aldehyde 
oxidase with cytochrome c was considered unlikely; nevertheless this possi- 
bility was also investigated. Although added cytochrome c markedly 
stimulated the rate of reduction of cytochrome oxidase by the TPNH- 
cytochrome c reductase system (Fig. 3) and ascorbic acid (Fig. 4), the ad- 
dition of the aldehyde oxidase preparation stimulated both systems only 
slightly. The slight stimulation observed may be only apparent, since the 
aldehyde oxidase preparation itself reduced cytochrome oxidase at approxi- 
mately the same rate (Figs. 3 and 4). (The slow reduction of cytochrome 
oxidase by aldehyde oxidase in the absence of N-methylnicotinamide is 
believed to be due to endogenous substrate in the aldehyde oxidase prep- 
aration.) Even if the stimulation is real and is due to cytochrome c in the 
aldehyde oxidase preparation, it is obviously insufficient to account for the 
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TIME (MINUTES) 


Fic. 3. Rate of reduction of cytochrome oxidase. Curve 1, by the complete al- 
dehyde oxidase system; Curve 2, by the TPNH-cytochrome ¢ reductase system; 
Curve 3, by the TPNH-cytochrome c reductase system in the presence of 1.1 & 1076 
mM cytochrome c; Curve 4, by the TPNH-cytochrome c reductase system + 0.1 ml. of 
the aldehyde oxidase preparation; Curve 5, by the aldehyde oxidase preparation 
alone. 


TIME (MINUTES) 


Fig. 4. Rate of reduction of cytochrome oxidase. Curve 1, by the aldehyde 
oxidase system; Curve 2, by asecorbie acid alone; Curve 3, by ascorbic acid + 1.1 X 
10-* mt eytochrome c; Curve 4, by asecorbie acid + 0.1 ml. of the aldehyde oxidase 
preparation; Curve 5, by the aldehyde oxidase preparation alone. 
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rapid rate of reduction of cytochrome oxidase by the aldehyde oxidase 
system. 

It is worthy of note that even in the presence of 1.1 & 10-° mM cyto- 
chrome c neither the TPNH-cytochrome c reductase system nor ascorbic 
acid reduced cytochrome oxidase as rapidly as did the aldehyde oxidase 
system. Therefore, if the reaction between aldehyde oxidase and cyto- 
chrome oxidase is mediated by cytochrome c, one of the preparations must 
contain over 1.1 XK 10-§ mM cytochrome c. Yet it is clear from Fig. 5 that 


this amount of cytochrome c is easily detected. Fig. 5 illustrates the 
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Fig. 5. Effect of cytochrome c on reduction of cytochrome oxidase by the TPNH- 
cytochrome c reductase system. Curve 1, oxidized cytochrome oxidase; Curve 2, 
45 minutes after the addition of the TPNH-cytochrome c reductase system; Curve 
3, 20 minutes after the addition of the TPNH-cytochrome c reductase system + 
1.1 m cytochrome c. 


spectra taken after reduction of cytochrome oxidase by the TPNH-cyto- 
chrome c reductase system in the presence and absence of cytochrome c. 
As expected from the rate curves in Fig. 3, there was only slight reduction 
in the absence of cytochrome c. This is indicated by the skewing in the 
region of 442 mu and the slight peak at 603 mu. On the other hand, in the 
presence of cytochrome c, the peaks at 442 and 603 my rapidly appeared. 
In addition, the peaks of reduced cytochrome c at 415, 520, and 550 my are 
readily seen. It can therefore be concluded that our preparations are not 
contaminated with sufficient cytochrome ¢ to account for the reduction of 
eytochrome oxidase by the aldehyde oxidase system. 

Reduction of Cytochrome b—The reduction of cytochrome b by the alde- 
hyde oxidase system is illustrated in Fig. 6. The cytochrome b prepara- 
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tion used (see ‘‘Preparations’’) has a single peak at 418 my in the oxidized 
form. (The peak of oxidized cytochrome b is probably at 414 my (33), 
but this is apparently masked by the cytochrome oxidase present.) Upon 
the addition of N-methylnicotinamide and aldehyde oxidase the peaks of 
reduced cytochrome b at 432, 525, and 560 my (4, 33) rapidly appeared, 
along with the cytochrome oxidase peaks at 442 and 603 mu. 

Reduction of Bacterial Cytochromes—The reduction of cytochrome }; of 
particulate preparations of Escherichia coli B grown anaerobically® has also 
been observed. When viewed through a spectroscope, the peaks of re- 
duced cytochrome b; at 530 and 560 mu (37) appeared on the addition of 


OPTICAL DENSITY 


400 425 450 475 500 525 550 575 600 625 
WAVE LENGTH (Mm) 


Kia. 6. Reduction of eytochromes b and oxidase by the aldehyde oxidase system 
Curve 1, oxidized; Curve 2, 10 minutes after addition of N-methylnicotinamide and 
aldehyde oxidase. 


either sodium hydrosulfite or the aldehyde oxidase system. Neither N- 
methylnicotinamide nor the aldehyde oxidase preparation alone reduced 
cytochrome 


DISCUSSION 


In view of the oxidation-reduction potentials of the cytochromes (36), 
four different pathways of electron transport between aldehyde oxidase 
and cytochrome oxidase are possible (Diagram 1). Of these, only the first 
two are in accord with the concept that cytochrome c is the only enzyme 
which can reduce cytochrome oxidase. However, the data already pre- 


6 The authors are indebted to Mr. H. Peck of the Department of Microbiology for 
this preparation and to Dr. H. Gest for the use of a spectroscope. 
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aldehyde oxidase-FADH, 


(1) (2) (3) 
Y 
Cytochrome c cytochrome b cytochrome b (4) 


| cytochrome c 


Y 


Cytochrome cytochrome cytochrome cytochrome 
oxidase oxidase oxidase oxidase 
DIaGRaM 1 


sented (summarized in Table I) appear to rule out the participation of 
cytochrome c according to either of these schemes for the following reasons. 

1. In the presence of the cytochrome oxidase preparation (which con- 
tains cytochrome b) both the TPNH-cytochrome c reductase system and 
ascorbic acid reduced cytochrome c over 20 times as rapidly as did the 
aldehyde oxidase system. Yet the latter reduced cytochrome oxidase 90 
times as fast as did ascorbic acid and 200 times as fast as the TPNH- 
cytochrome c reductase system. 

2. The addition of cytochrome c stimulated reduction of cytochrome 
oxidase by both the TPNH-cytochrome c reductase system and ascorbic 
acid. However, the rate of reduction was still only about one-half that 
by the aldehyde oxidase system alone in spite of the fact that the amount 
of cytochrome c added was far greater than could be present in our prep- 
arations. 

3. As indicated, cytochrome c stimulated the rate of reduction of cyto- 
chrome oxidase by the TPNH-cytochrome c reductase system 100-fold and 
the reduction by ascorbic acid over 50-fold. Yet no consistent effect of 
cytochrome c on the reduction of cytochrome oxidase by the aldehyde 
oxidase system was observed. With different oxidase preparations the 
effect of added cytochrome c varied from 50 per cent inhibition to 2-fold 
stimulation. This variability is understandable in terms of a competition 
between cytochrome oxidase and the added cytochrome c for electrons 
from aldehyde oxidase. The effect of this competition on the rate of re- 
duction of cytochrome oxidase depends upon the rates of at least three 
different reactions: one between aldehyde oxidase and cytochrome oxidase 


(Scheme 4), one between aldehyde oxidase and cytochrome c (Scheme 1),: 


and one between cytochrome c and cytochrome oxidase (Scheme 1). Each 
of these reactions can be affected independently by such factors as the 
deoxycholate concentration and ammonium sulfate concentration, which 
vary in different preparations. Therefore it is reasonable to expect that the 
addition of cytochrome c should give varying results. 

Several alternative interpretations of these data, which would permit the 


| co 
rej 
ch 

| | da 
| the 

| tal 
Ak 

| TI 

Ast 

| 

TP 

( 

As 

| Ak 

r 

| n 

| tio 

| or 

tas 

ink 

| cll 
ad 

te 

rat 

cyt 

tion 


J. HURWITZ AND S. J. COOPERSTEIN 781 


conclusion that cytochrome c is in fact involved in the reaction, have been 
rejected for various reasons. These include the following. 

1. It is possible that the reaction between aldehyde oxidase and cyto- 
chrome oxidase is mediated by traces of cytochrome c in the aldehyde oxi- 
dase preparation, but that the latter fails to stimulate reduction by either 
the TPNH-cytochrome c reductase system or ascorbic acid because it con- 
tains an inhibitor of these systems. This possibility has been excluded by 
the finding that the aldehyde oxidase preparation does not inhibit reduc- 


TaBLe I 
Rate of Reduction of Cytochrome Oxidase and Cytochrome c 
. Rate of reduction 
per min. X 103) 103 

Aldehyde oxidase system.......................005. 200 75 
TPNH-cytochrome c reductase system. ............ 0.8 > 1800 
TPNH-cytochrome c reductase system + cyto- 

Ascorbic acid + cytochrome c..................... 120 
TPNH-cytochrome c reductase system + aldehyde 

Ascorbic acid + aldehyde oxidase preparation...... 3 
Aldehyde oxidase preparation alone................ 1.5 

system + ascorbic acid.......... 200 
+ TPNH-cytochrome c 

TPNH-cytochrome c reductase system + N-methyl- 


tion of cytochrome c by either the TPNH-cytochrome c reductase system 
or ascorbic acid. 

2. Reduction of cytochrome oxidase by the TPNH-cytochrome c reduc- 
tase system and by ascorbic acid may be slow only because these agents 
inhibit the reaction between cytochrome oxidase and traces of cytochrome 
cin the cytochrome oxidase preparation. However, since the reduction of 
cytochrome oxidase by the aldehyde oxidase system is not inhibited by the 
addition of either ascorbic acid or the TPNH-cytochrome c reductase sys- 
tem (Table I), this hypothesis is untenable. 

3. N-Methylnicotinamide may stimulate in some unknown fashion the 
rate of reduction of cytochrome oxidase by traces of cytochrome c in the 
cytochrome oxidase preparation. However, Table I shows that the addi- 
tion of N-methylnicotinamide did not stimulate reduction of cytochrome 
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oxidase by the TPNH-cytochrome c reductase system. Furthermore, the 
reaction between aldehyde oxidase and cytochrome oxidase has also been 
demonstrated with acetaldehyde as a substrate in place of N-methyl- 
nicotinamide. 

4. The observed reduction of cytochrome oxidase by the aldehyde oxi- 
dase system may be due to a non-enzymatic reaction between cytochrome 
oxidase and a free radical, a partially oxidized form of N-methylnicotin- 
amide. The only function of aldehyde oxidase would then be to act as a 
final acceptor in the formation of this free radical. However, the observa- 
tion that aldehyde oxidase also reduced cytochrome oxidase when acetalde- 
hyde was used as a substrate argues against this hypothesis. 

5. It is conceivable that at the low concentration of cytochrome c which 
may be present in our preparations aldehyde oxidase reduces this carrier 
faster than the other systems. Since this amount of cytochrome c cannot 
be detected, it is obviously impossible to obtain direct evidence on this 
point. However, both ascorbic acid and the TPNH-cytochrome c reduc- 
tase system completely reduced cytechrome c within 15 to 25 seconds at 
all cytochrome c concentrations tested (1.1 XK 10-§ m to 3.7 & 107-5 Mo). 
Consequently this explanation also seems highly unlikely. 

We conclude therefore that either Scheme 3 or 4, neither of which re- 
quires the participation of cytochrome c, correctly depicts the reaction 
between aldehyde oxidase and cytochrome oxidase. As has been pointed 
out, aldehyde oxidase reduces cytochrome b, and cytochrome b is present 
in the cytochrome oxidase preparation. For this reason it has been im- 
possible thus far to rule out the participation of this enzyme. However, 
previous workers have shown (9, 12, 15) that in particulate succinoxidase 
preparations bile salts disrupt the linkage between cytochrome b and the 
rest of the electron transport system. Since in these preparations the 
structural integrity appears to be vital (38), it does not necessarily follow 
that bile salts prevent the reaction between cytochrome b and the other 
cytochromes in the soluble preparations which we have used. Neverthe- 
less, these findings do argue against the participation of cytochrome b. 

It should be emphasized that our experiments do not exclude the par- 
ticipation of mediators other than the cytochromes in the reaction between 
aldehyde oxidase and cytochrome oxidase. For example, it is known that 
aldehyde oxidase reduces free flavin (28), and we have found a FAD con- 
centration of 7.7 X 10-5 mM in one preparation of aldehyde oxidase tested 
with the D-amino acid oxidase apoenzyme prepared by the method of 
Negelein and Brémel (39).7 Furthermore we have shown that TPNH- 
cytochrome c reductase reduces FMN and that both FMN and riboflavin 
stimulate slightly the rate of reduction of cytochrome oxidase by the 


7 The determination of FAD was carried out in collaboration with Dr. Ek. Bueding. 
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TPNH-cytochrome c reductase system. These observations suggest that 
free FAD may mediate the reaction between aldehyde oxidase and cyto- 
chrome oxidase. They may also have a bearing on the mechanism of the 
slow reduction of cytochrome oxidase by the TTPNH-cytochrome c reduc- 
tase system. It seems most reasonable to assume that this reaction is 
mediated by traces of cytochrome c in one of the preparations. However, 
further work may show that it too is either direct, mediated by cytochrome 
b, or mediated by free flavin. If the latter proves to be the case, it could 
also explain the observed stimulation of the reaction between TPNH- 
cytochrome c reductase and cytochrome oxidase by the aldehyde oxidase 
preparation (Table I). 

Although the possible réle of other mediators in the reaction between 
these flavin systems and cytochrome oxidase is still under study, this work 
strongly suggests that cytochrome c is not the only enzyme which can re- 
duce cytochrome oxidase. It also suggests a new pathway of electron 
transport from the “‘flavin dehydrogenases”’ to oxygen; that is, direct trans- 
fer to cytochrome oxidase without the intervention of cytochrome c. 
Whether or not this reaction is physiological is, of course, unknown. It is 
worthy of note that under the conditions of our experiments the reaction 
between aldehyde oxidase and cytochrome oxidase is more rapid than the 
presumed physiological reaction between the TPNH-cytochrome c reduc- 
tase system and cytochrome oxidase mediated by cytochrome c (Table I). 
However, it should be emphasized that the conditions are highly artificial, 
that the enzymes used are all partially inhibited by deoxycholate, and that 
the added cytochrome c may be somewhat different from that in the cell 
(40). 

Another possible pathway of electron transport from the ‘‘flavin de- 
hydrogenases”’ to oxygen is suggested by the finding that aldehyde oxidase 
reduces cytochrome b. At present the rdle of cytochrome b is unknown. 
The early suggestion that it is concerned with the oxidation of DPNH 
(19-21) and also the more recent idea that it plays a réle in the succinoxi- 
dase system (9, 10) have both been questioned (9-11). The observation 
that aldehyde oxidase reduces cytochrome b in soluble preparations from 
heart muscle as well as cytochrome b; in particulate preparations from FH. 
coli may indicate a réle of cytochrome b in electron transport in the “flavin 
dehydrogenase” systems, either as a carrier to cytochrome c, to cytochrome 
oxidase, or directly to oxygen. 


SUMMARY 


By means of a soluble preparation of cytochrome oxidase from which 
most of the deoxycholate has been removed, the reduction of cytochrome 
oxidase by the aldehyde oxidase system has been demonstrated. A study 
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of the relative rates of reduction of cytochrome c and cytochrome oxidase 
by the aldehyde oxidase system, the TPNH-cytochrome c reductase sys- 
tem, and ascorbic acid has provided strong evidence against the participa- 
tion of cytochrome c in this reaction. 

It has also been found that cytochrome b is reduced by the aldehyde 
oxidase system. The possible bearing of this finding on the physiological 
role of cytochrome b and the possibility that cytochrome b mediates the 
reaction with cytochrome oxidase have been discussed. 
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THE ENZYMATIC TRANSFER OF HYDROGEN* 
Il. THE REACTION CATALYZED BY MALIC DEHYDROGENASE 


By FRANK A. LOEWUS, T. T. TCHEN, ano BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, July 14, 1954) 


Previous studies have shown that the reactions catalyzed by yeast 
alcohol dehydrogenase and by muscle lactic dehydrogenase involve a direct 
and stereospecific transfer of hydrogen atoms between substrate and pyri- 
dine nucleotide (1-4). These studies have been extended to malic dehydro- 
genase of wheat germ. ‘The results presented in this paper show that, in 
the reduction of oxalacetate, 1 hydrogen atom is transferred from reduced 
diphosphopyridine nucleotide to the carbonyl carbon atom of oxalacetic 
acid. The data show further that malic dehydrogenase transfers hydrogen 
atoms to and from the same side of the nicotinamide ring as do lactic and 
alcohol dehydrogenases, and that in the case of all three enzyme reactions 
the oxidized form of the substrate acts in the keto and not in an enol form. 
Some of this work has been described in a preliminary publication (5). 


Materials and Methods 


Diphosphopyridine nucleotide (DPN) was purchased from the Pabst 
Brewing Company. Unlabeled reduced DPN (DPNH) and monodeuterio- 
reduced DPN (DPND) were prepared by enzymatic reduction with crystal- 
line yeast alcohol dehydrogenase as previously described (1,3). Oxalacetic 
acid was prepared by hydrolysis of its diethyl ester according to Krampitz 
and Werkman (6). This procedure gives the low melting enol form which 
has been assigned the structure of hydroxymaleic acid (7). 

The wheat germ enzyme was an aqueous extract treated with MnCl, as 
described elsewhere (8). After removal of the first precipitate by centrifu- 
gation, the supernatant solution was dialyzed at 4° against four changes of 
10 volumes of distilled water. This preparation contained an active malic 
dehydrogenase and no fumarase activity. 

The deuterium analyses were carried out by burning the sample to water, 


* Aided in part by a grant from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, by research grant No. 
G-3222 from the National Institutes of Health, United States Public Health Ser- 
vice, and by the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Uni- 
versity of Chicago. Part of the material in this paper is taken from a thesis sub- 
mitted by T. T. Techen in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 
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converting the water to Hz plus HD, and analyzing the gas for deuterium 
in a Consolidated-Nier isotope ratio mass spectrometer (9, 10). 


Quantitative Determination of Malic Acid 


Malic acid was determined by a fluorometric method devised by Dr. J. 
F. Speck. This procedure is similar to but simpler than the method de- 
scribed by Leininger and Katz (11). 

B-Naphthol—0.004 m in 0.004 Mm NaOH. Dissolve 14.4 mg. of resub- 
limed and recrystallized B-naphthol in 1 ml. of 0.1 N NaOH and add water 
to bring the volume to 25 ml. The solution should be kept in the ice box 
and discarded when it turns yellow. 

B-Naphthol-H.»SO, Reagent—Chill 100 ml. of concentrated H2SO, and 
add slowly to 1 ml. of the 8-naphthol solution. The HeSO, should be free 
from nitrate and nitrite. This reagent is prepared fresh for immediate use. 

Malic Acid Standard—aA stock solution of 0.01 mM malic acid in 0.1 N 
H.SO, may be stored in the ice box. 1 ml. of this stock solution diluted to 
1 liter gives a solution containing 0.01 umole of malic acid per ml. 

Procedure—Measure out several suitable aliquots of the unknown solu- 
tion and a series of standards containing 2.5, 5.0, 7.5, and 10 mumoles of 
malic acid into 18 K 150 mm. Pyrex test-tubes immersed in an ice bath. 
Adjust the volume to 1.0 ml. and prepare a blank with water alone. Add 
2 ml. of the 6-naphthol-H.SO, reagent slowly and with shaking to each 
tube. Then add another 5 ml. of the reagent, mix well, and heat the tubes 
for 10 minutes in a boiling water bath. Cool rapidly in a bath containing 
ice and water. 

The fluorescence was read in a Coleman photofluorometer. Filter Bl 
(310 to 410 mu) was used between the hydrogen discharge lamp and the 
sample tube and Filter PC-1 (over 410 my) between the sample tube and 
the photocell. 

In the present work, the malic acid determinations were always made 
after extraction of the malic acid with ether and removal of the ether, as 
described in another section of this paper. If the malic acid is determined 
on a trichloroacetic acid filtrate, high blank values are obtained with the 
filtrate alone, and a set of internal standards (containing protein filtrate) 
is required. 

Preparation of Diphenacyl Malate—The malate was recovered quanti- 
tatively from the various acidified and deproteinized reaction mixtures by 
continuous ether extraction. After addition of 2 ml. of HO, the ether was 
removed in vacuo. The volume was adjusted to 10 ml. with water, and an 
aliquot (0.1 to 0.2 ml.) was removed and diluted for quantitative determi- 
nation of the malic acid present. A measured amount of unlabeled L- 
malic acid was added to the remainder of the malic acid solution. The 
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water was removed in vacuo. In the case of the experiments done in a 
medium of D.O, the residue was dissolved in 5 ml. of H.O and again evap- 
orated to dryness in order to insure the removal of all exchangeable D. 
The malic acid was then dissolved in 1 to 2 ml. of H2O. The solution was 
adjusted to pH 6.0 to 6.5 with solid NaHCO;. 2 to 4 ml. of ethanol were 
added, plus 2 moles of phenacyl bromide for each mole of malate present. 
The solution was refluxed on a steam bath for 2 hours, then diluted while 
hot with an equal volume of hot water and allowed to cool and crystallize. 
The long needles of diphenacyl malate were filtered and recrystallized 
from benzene-petroleum ether. 

A melting point of 106° has been reported for diphenacyl malate (12), for 
diphenacyl-L-malate (13), and for diphenacyl-pL-malate (14). The melt- 
ing point of the diphenacyl-pL-malate was reinvestigated and found to be 
119—-120° with no change in melting point after three recrystallizations. 
Three separate preparations of diphenacyl-L-malate all gave melting points 
of 109-110° with no further change on recrystallization. Recrystallization 
from acetone-water and from ethanol-water did not change the melting 
point. The optical rotations of the diphenacyl-L-malate were [a]?’ +3.8° 
(c 2, phenylacetate) and [a]*’ —2.4° (c 5, redistilled pyridine). 

CooHis07. Calculated.' C 64.9, H 4.87 


Found. “ 64.81, “ 5.11 
“ 64.51, “ 5.06 


Reduction of Oxalacetate with DPND—The reaction mixture was made 
up with 200 umoles of phosphate buffer (pH 7.0), 20 umoles of MgCl, 16.5 
mg. of DPND, and 1 ml. of wheat germ enzyme preparation in a total 
volume of 5 ml. The reaction was started by the addition of approxi- 
mately 1 mg. of solid oxalacetic acid. After 2 minutes the reaction was 
stopped by the addition of 0.6 ml. of 6 N H2SO, and 3 mg. of sodium tung- 
state. The protein precipitate was removed by centrifugation, and the 
malic acid was recovered by ether extraction, converted to the diphenacy] 
derivative, and analyzed for D. 

Reduction of Oxalacetate with DPNH in D,O—Two types of experiments 
were done. In one case (Experiment 2, Table 1), the keto form of oxal- 
acetate was added to the reaction mixture; in the other (Experiments 3 
and 4), the oxalacetate was added as the solid enol, hydroxymaleic acid. 

In Experiment 2, the reaction mixture contained 200 umoles of phosphate 
buffer, 10 umoles of Versene, 1 y of aleohol dehydrogenase, 0.5 ml. of etha- 
nol, 3.0 umoles of DPNH, 1 ml. of wheat germ enzyme preparation, and 8.0 
ml. of 99.5 per cent D.O. The pH of the mixture was 6.9. Approximately 
2 mg. of oxalacetic acid were dissolved in 2 ml. of HO and the solution was 


' Analyses by Micro-Tech Laboratories, Skokie, Illinois. 
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left at room temperature for 30 minutes. This is more than sufficient time 
to allow the acid to ketonize. 1 ml. of this solution was added drop by 
drop with vigorous stirring to the main reaction mixture. The time allowed 
for the addition was 2 minutes. Then the reaction was stopped at once by 
the addition of 1 ml. of 6 N HeSO, and about 3 mg. of sodium tungstate. 
The malate was extracted with ether, converted to the diphenacy] deriva- 
tive, and analyzed for D. 

In Experiments 3 and 4, the reaction mixture contained 100 umoles of 
phosphate buffer (pH 7.2), 20 umoles of MgCl, about 20 ymoles of DPNH, 
and wheat germ enzyme. 2 ml. of the wheat germ preparation were lyo- 
philized and redissolved in D,O with the other components to make a total 
volume of 5 ml. Approximately 10 wmoles of oxalacetic acid were added 
as a solid (7.e. in the enol form). The mixture was incubated for 50 minutes 
in the case of Experiment 3 and for 5 minutes in the case of Experiment 
4. The reaction was stopped and the malate was extracted and analyzed 
as described for Experiment 1. 

Reduction of Acetaldehyde by DPNH in D.O—This reaction was carried 
out in the presence of crystalline yeast alcohol dehydrogenase as previously 
described (1, 3). A solution of 0.6 gm. of tris(hydroxymethy]l)amino- 
methane in 10.0 ml. of D.O was adjusted to pH 7.45 with 0.34 ml. of con- 
centrated HCl. ‘To this solution were added 322 mg. of DPNH (of 42 per 
cent purity), 12 mg. of lyophilized alcohol dehydrogenase, and 0.4 ml. of 
4 per cent CH;CHO in H.O. The mixture was incubated for 90 minutes at 
room temperature during which time the DPNH was completely reoxi- 
dized as indicated by the decrease of the optical density at 340 mu. The 
enzyme was inactivated by holding the reaction mixture in a closed system 
in a boiling water bath for 3 minute. A test for enzyme activity in the 
cooled solution showed that the alcohol dehydrogenase had been completely 
inactivated. Calculation from the change in optical density at 340 my 
showed that 9.3 mg. of ethanol had been formed. Diluent ethanol was 
added and the mixture was distilled in a closed system. The first 2 ml. of 
distillate were used for isolation of the ethyl p-nitrobenzoate derivative 
which was analyzed for D. 

Reduction of Pyruvate by DPNH in D»O—This reaction was carried out 
in the presence of crystalline lactic dehydrogenase from muscle as previ- 
ously described (2). The reaction mixture contained 0.139 gm. of K2HPO, 
and 0.028 gm. of KH2PO,, 150 mg. of DPNH (of about 50 per cent purity), 
15 mg. of sodium pyruvate, and 0.13 mg. of lactic dehydrogenase (0.4 
mg. per ml. in 0.5 m phosphate buffer, H2O) in 10.0 ml. of D2O. This mix- 
ture was incubated for 90 minutes during which time the DPNH was com- 
pletely reoxidized as indicated by the decrease of the optical density at 
340 mp. The enzyme was inactivated by heating for 1.5 minutes in a 
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boiling water bath. The mixture was then cooled rapidly. Based on the 
DPNH reoxidized, 0.114 mmole of lactate was formed during the reaction. 
Diluent t-lactate and HeSO, were added, the lactate was extracted with 
ether, and phenacyl lactate was prepared and analyzed for D. 


RESULTS AND DISCUSSION 


Reduction of Oxalacetate to Malate—The results obtained in the study of 
malic dehydrogenase have been assembled in Table I. The first experiment 
shows that 1 atom of D is transferred from DPND to oxalacetate to form 
malate. Since the DPND was prepared by enzymatic reduction of DPN 
with CH;CD.OH, this experiment also shows that wheat germ malic de- 


TABLE I 


: | | | Malic acid | ——— | Atoms D 
Formed | Added | aes Found | malate 

1 | OAAt H.O 0.68 29 0.127 | 0.122 | 0.96 

2 KetoOAA DPNH 82% D.0 0.39 14.9 0.12 | 0.013 0.11 

3. | Enol “ | “ | 99.5% 0.54 | 20.5 | 0.143 | 0.272 | 1.90 
99.5% “ | 0.72 | 23.7 | 0.163 | 0.272 | 1.67 


| 


* Analysis of diphenacy! malate. 
t Caleulated for 1 atom of D per molecule of malate. 
t Oxalacetic acid. 


hydrogenase and yeast alcohol dehydrogenase cause transfer of D to and 
from the same side of the nicotinamide ring of the pyridine nucleotide. 
The most likely equation for the reaction would be 


H H D 
COO-—C—C—CO0O- + DPND + H* — COO-—C—C—COO- + DPN* (1) 
H || H O 
O H 


Equation 1 shows the keto form of oxalacetate being reduced to form 
a-deuteriomalate. It has been found here that the wheat germ enzyme is 
specific for L-malic acid. This had been shown previously for malic de- 
hydrogenase from other sources (15). 

The possibility may be considered, however, that it is an enol form of 
oxalacetate which is reduced. If an enol form of oxalacetate is reduced 
without ketonization, then one of the non-exchangeable hydrogen atoms of 
the malate formed must be derived from the medium. This possibility 
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can be tested by running the reaction in D.O. Equation 2 shows how D | 0 
from the medium might be incorporated into malate in a non-exchangeable E 
position under these circumstances (we are concerned here only with the D | — th 
attached to carbon, since D attached to oxygen exchanges readily with T 
water and is completely washed out in the isolation procedure). If the bt 
th 
D H 

H OH D.O o H OD en 
+ DPNH + D+ 
COO-—C—C—COO0O- + DPN* 
H OD 
of 
keto form of oxalacetate is reduced, however, the reduction would proceed dr 

without incorporation of D from the medium into malate, provided the 
reaction was carried out with the unlabeled keto form, and provided there om 
was insufficient time for the introduction of D by the spontaneous keto- 26 
enol tautomerization of the oxalacetate in solution. rot 
Experiment 2 of Table I was designed to test this point. In this experi- idl 
ment, the enolic solid oxalacetate was first allowed to ketonize in H:2O and pr 
was then added to a reaction mixture containing enzyme and DPNH in ast 
D.O. Since Mg** increases the rate of keto-enol tautomerization of oxal- th 
acetate, as described in a later section, Versene was added to inhibit the ab 
effect of any Mg** which might be present in the enzyme preparation. In 26; 
addition, aleohol dehydrogenase and a large excess of alcohol were added the 
in order to regenerate DPNH and to maintain a low equilibrium concentra- tio 
tion of oxalacetate. The success of the experiment obviously depended on the 
the possibility that the incorporation of D into oxalacetate by tautomeri- att 
zation might be considerably slower than the reduction of oxalacetate to ( 
malate. Since the malate contained only 0.11 atom of D per molecule, aby 
this objective was clearly achieved. If the reduction occurred by way of the 
an enol, according to Equation 2, then a minimum of 1 atom of non- dis 
exchangeable D must have appeared in the malate. Experiment 2 shows acl 
that Equation 2 is excluded and that the reaction is therefore correctly in 
formulated by Equation 1. con 
Experiments 3 and 4 show that D is incorporated into malate if the re- her 
action is run in D.O with the oxalacetate added in the enol form. In not 
Experiment 3, the reaction mixture was given a prolonged incubation with the 
Mg? present, and the D content of the malate was 1.9 atoms per molecule. abc 
This is equal, within experimental error, to the theoretical maximal value ee 


of 2.0 which would be expected from complete equilibration of the H atoms 
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of the methylene group of oxalacetic acid with the D.O of the medium. 
Experiment 4 was performed in the same way as Experiment 3, except that 
the reaction mixture was incubated for 5 minutes instead of 50 minutes. 
The value of 1.67 atoms of D per molecule of malate indicates that equili- 
bration of D into the methylene carbon was not complete, but shows also 
that the tautomerization of oxalacetate is rapid, as expected. 

Keto-Enol Tautomerization of Oxalacetate--Oxalacetic acid exists in two 
solid forms which differ in their melting point. Both of these solids are 
enols. The material used in this investigation was the low melting form 
which has been assigned the cis structure and is commonly referred to as 
hydroxymaleic acid (7, 16, 17). This substance ketonizes when it is dis- 
solved in water. The rate of ketonization, particularly in phosphate buffer 
of pH 7.0, was investigated, since it had an obvious bearing on conclusions 
drawn from the experiments with deuterium. 

When hydroxymaleic acid is dissolved in dilute NaOH, spectrophoto- 
metric analysis shows the presence of an enol band with a maximum at 
267 mu. When the acid is dissolved in water or buffers of pH 5 to 9.9 at 
room temperature, the optical density of the solution at 267 my drops rap- 
idly for a period of 7 to 15 minutes, depending on the temperature and the 
pH of the solution. This rapid drop is followed by a slow decrease probably 
associated with the spontaneous decarboxylation of oxalacetate. After 
the period of rapid decline in optical density at 267 muy, the ultraViolet 
absorption spectrum of the solution shows a broad peak or plateau between 
262 and 242 mu. The absorption spectrum of such a solution is given in 
the literature as the spectrum of oxalacetate (18). It is actually an absorp- 
tion spectrum of the equilibrium mixture of the keto and enol forms.  Fur- 
ther information is required to deduce what proportion of the spectrum is 
attributable to the keto and to the enol forms, respectively. 

On the basis of Bre uptake measurements, Meyer (19) concluded that 
about 20 per cent of the oxalacetic acid in aqueous solution was present in 
the enol form. Hantzsch (20), using absorption spectrum measurements, 
disputed this finding and concluded that only 3 per cent of the oxalacetic 
acid in aqueous solution was enolized. Experiment 2 of Table I, described 
in the preceding section, shows that there was definitely less than 11 per 
cent of an enol present in the aqueous solution of oxalacetic acid used 
here. This is reasonably consistent with the figure given by Hantzsch but 
not with the value given by Meyer. At neutral and alkaline pH, more of 
the enol is formed, and unpublished data permit a rough estimate that 
about 15 to 20 per cent of the oxalacetate in phosphate buffer of pH 7 is 
present as an enol. 

The experiments here described were designed to determine whether the 
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ketonization of oxalacetate could be made rate-limiting in the enzymatic 
reduction of oxalacetate to malate, and also to determine what effect Mgt+ 
ions might have on the rate of keto-enol tautomerization. The effect of 
Mg++ was of interest in connection with a study of the mechanism of oxal- 
acetate formation by CQO, fixation. (This reaction requires Mgtt. As 
described in a preliminary communication (5) and in another paper,” the 
nature of the oxalacetate formed was determined by coupling the CO.- 
fixing reaction with the malic dehydrogenase reaction.) 

When Mg*> is added to the buffered or unbuffered aqueous keto-enol 
equilibrium mixture of oxalacetate, there is no change in the absorption 
spectrum. However, if Mg** is added before the addition of hydroxy- 
maleic acid, the initial rapid drop in optical density at 267 my is accel- 
erated. Fig. 1 shows the change of optical density at 267 my following the 
addition of hydroxymaleic acid to phosphate buffer of pH 6.8 (Curve 1) 
and the effect of 1 X 10-4 m Mg* on this change (Curve 3). Versene 
abolished the effect of Mg*t*+ (Curve 2). The figure also shows that 1 X 
10-°> m (Curve 4) is more effective than 1 10°-*m Mgtt. The effect 
of Mg** on the rate of ketonization increases with increasing Mg** con- 
centration. At a concentration of 0.01 m (the Mgt* concentration used in 
the studies of oxalacetate formation) the reaction is so rapid that equilib- 
rium is reached at room temperature within 20 seconds after addition of the 
acid. 

The effect of Mg** on the enolization of oxalacetate could also be demon- 
strated spectrophotometrically. The acid was first dissolved in water and 
allowed to stand at room temperature for 20 minutes to permit maximal 
ketonization. When aliquots of such a solution were pipetted into phos- 
phate buffer of pH 7.0, an increase in optical density at 267 my was ob- 
served. Results of a typical experiment are shown in Fig. 2. This experi- 
ment shows that keto-enol equilibrium was reached within 20 seconds in 
the presence of 0.01 m Mgt. 

The evidence that Mg++ accelerates the keto-enol tautomerization of 
oxalacetate is in agreement with the results of the deuterium experiments 
(Experiments 3 and 4, Table I) which showed that a rapid tautomerization 
of oxalacetate occurred in the presence of Mgt+. The effect of Mg** is 
probably analogous to that of Cu** on the enolization of ethyl acetoacetate, 
previously described by Pedersen (21). 

The above experiments are open to the criticism that the formation of 
various Mg++ complexes might be responsible, at least in part, for the 
spectrophotometric changes observed. The effect of Mg*t on the decar- 
boxylation might also be considered, though such an effect would not be 
expected to be great, since Mg** is only a poor catalyst for the 8 decarboxyl- 


2? Tchen, T. T., Loewus, F. A., and Vennesland, B., unpublished manuscript. 
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ation (22). It was possible, however, to demonstrate the effect of Mgt 
on the ketonization of hydroxymaleic acid by an entirely different and more 
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Fic. 1. The ketonization of hydroxymaleate. All reaction mixtures contained 40 
umoles of phosphate of pH 6.8 in a total volume of 3 ml. The reaction mixture for 
Curve 1 contained no bivalent metal ions. The reaction mixture for Curve 2 con- 
tained 0.3 wmole of MgSO, and 10 uwmoles of Versene. The reaction mixture for 
Curve 3 contained 0.3 umole of MgSO, and no Versene. The reaction mixture for 
Curve 4 contained 0.03 umole of NiSO,. Small amounts of solid hydroxymaleiec acid 
were stirred into solution with a glass rod. The amount of acid added could only be 
estimated very roughly and varied from 0.3 to 0.8 wmole. The zero time was set 
arbitrarily at the time when the optical density (267 mu) was 0.920. The solutions 
do not reach the same final optical density because different amounts of acid are 
present. 

Fig. 2. The enolization of oxalacetate. The reaction mixture contained 80 umoles 
of phosphate buffer of pH 7.0 in a final volume of 3.0 ml. One reaction mixture con- 
tained no Mg**, and the other contained 30 umoles of Mgt* (0.01 mM). Hydroxymaleic 
acid was dissolved in distilled water and left standing at room temperature for 20 
minutes. At zero time 0.1 ml. aliquots were pipetted into cuvettes containing phos- 
phate buffer. The short lag at the beginning is due to the time required for adding 
the aliquot and mixing. 


conclusive procedure. This was done by taking advantage of the fact 
demonstrated by the experiment with deuterium (Experiment 2, Table I) 
Which showed that it is the keto form of oxalacetate which is reduced by 
DPNH in the presence of malic dehydrogenase. 
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The enzymatic reduction of oxalacetate can be made as rapid as de- 
sired by use of sufficient enzyme. Separate experiments showed that the 
enzyme preparation itself does not affect the ketonization of hydroxymaleic 
acid, as determined by measurement of optical density changes at 267 
mu. Even moderate amounts of wheat germ extract are sufficient to make 
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Fic. 3. Coupling of ketonization of hydroxymaleate with the malic dehydrogen- 
ase reaction. In A, the reaction mixture contained 0.1 ml. of wheat germ en- 
zyme, 40 umoles of phosphate buffer of pH 7.0, and 0.4 wmole of DPNH in a total 
volume of 3 ml. Solid hydroxymaleie acid was added at A. 0.1 ml. of 0.1 mM Mg** 
was added at B. More solid hydroxymaleic acid was added at Cand D. In B, the 
concentration of hydroxymaleate in the solutions during the first 3 minutes was 
plotted on a log scale against time. The addition of 30 umoles of Versene to a so- 
lution containing 10 umoles of Mg** slows down the rate of the reaction to the same 
order of magnitude as that in the absence of Mg**. 


the reduction of oxalacetate far more rapid than the rate of non-enzymatic 
ketonization of hydroxymaleic acid. Under these circumstances, if small 
amounts of hydroxymaleic acid are used, the non-enzymatic ketonization 
process becomes rate-limiting for the enzymatic oxidation of DPNH. The 
ketonization process can then be followed by spectrophotometric measure- 
ment of the oxidation of DPNH at 340 mua. 

Such an experiment is shown in Fig. 3. In this experiment, small 
amounts of hydroxymaleic acid were added to a solution of DPNH and 
wheat germ enzyme. At A, the substrate was added in the absence of 
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Mg*+. Under these circumstances, the oxidation of DPNH is relatively 
slow. At B, the addition of MgCl. led to establishment of equilibrium 
within less than 15 seconds. The addition of more hydroxymaleic acid at 
Cand D to the solution now containing 0.01 m Mg** caused, in both cases, 
a very rapid reaction which proceeded to completion in less than 15 seconds. 
The speed of the reaction in the presence of Mg** contrasts sharply with 
the relatively slow reaction in the absence of Mg**. Such a slow reaction 
is not observed if the oxalacetate is ketonized before addition to the re- 
action mixture. The effect of Mg** can be inhibited with Versene, which 
does not inhibit the malic dehydrogenase reaction itself. These facts 
confirm the previous conclusions that the keto form of oxalacetate is re- 
duced in the malic dehydrogenase reaction and that Mg* accelerates 
the rate of ketonization of hydroxymaleic acid. 

The coupling of the ketonization with the very rapid enzymatic reduction 
of the ketooxalacetate formed provides a useful tool for the study of the 
ketonization reaction. The procedure has several advantages over the 
measurement of optical density changes at 267 mu. In the first place, the 
product of ketonization is removed by reduction as fast as it is formed; 
thus there is no complication arising from the reverse enolization. Knowl- 
edge of the composition of the keto-enol equilibrium mixture is not neces- 
sary. The reaction goes essentially to completion since the equilibrium 
of the enzymatic reaction lies far in the direction of reduction of oxalacetate 
to malate. The total amount of oxalacetate can therefore readily be de- 
termined by using excess DPNH and allowing the reaction to go to com- 
pletion. 

The data plotted from A to C in Fig. 3, A were used to calculate the de- 
crease of hydroxymaleic acid concentration with time. The total amount 
of acid added was equivalent to the total amount of DPNH oxidized after 
the reaction had been brought to completion by addition of MgCl. The 
amount of hydroxymaleic acid remaining at any given time during the 
course of the reaction from A to B was obtained by subtracting the amount 
removed from the total. The amount removed was equivalent to the 
amount of DPNH which had been oxidized at that particular time. The 
figures so obtained for the amount of hydroxymaleic acid present have been 
plotted on a logarithmic scale against time in Fig. 3, B. The straight line 
obtained shows that the ketonization of hydroxymaleic acid in the absence 
of Mg** is a first order reaction, as expected. 

Reduction of Acetaldehyde and Pyruvate-— Previous experiments with yeast 
alcohol dehydrogenase have shown that no non-exchangeable D is incor- 
porated into DPNH during the reduction of DPN by ethanol in the pres- 
ence of D.O. The earlier experiments also showed that a deuterium atom 
was transferred from DPND to the carbonyl carbon atom of acetaldehyde 
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to form CH;CHDOH. The experiment reported here confirms the pre- 
vious assumption that the enol of acetaldehyde is not involved in the en- 
zymatic oxidation-reduction. Acetaldehyde was reduced with DPNH in 
a medium of D.O, as described in the experimental section. The 9.3 mg. 
of ethanol formed were diluted with 79.4 mg. of unlabeled ethanol added 
as a carrier. The ethyl p-nitrobenzoate prepared from the distillate of 
the mixture contained 0.017 atom per cent excess D. This corresponds to 
0.016 atom of D per molecule of ethanol before dilution, showing that less 
than 2 per cent of the acetaldehyde passed through an enol form before the 
aldehyde was reduced to ethanol. If the enol form were reduced, a mini- 
mum of 1 atom of D would have been incorporated per molecule of ethanol. 

An analogous experiment was done with lactic dehydrogenase. In this 
case pyruvate was reduced to lactate by DPNH in a medium of D.O. To 
the 0.114 mmole of L-lactate formed, 0.417 mmole of L-lactate was added 
as a diluent. The phenacyl lactate contained 0.703 atom per cent excess 
D, corresponding to 0.09 atom of D per molecule of lactate before dilution. 
Although some enolization occurred, the D incorporated was far below the 
value of 1 atom per molecule, which would be the minimal value expected if 
the pyruvate was required to enolize prior to being reduced. In this ex- 
periment, as well as in the previous one with acetaldehyde, no precautions 
were taken to minimize the enolization of the carbonyl compound by 
running the reduction rapidly, since the spontaneous tautomerization was 
expected to be slow relative to that of oxalacetate. 


SUMMARY 


1. When oxalacetate was reduced in the presence of wheat germ malic 
dehydrogenase with monodeuterio-reduced DPN (prepared by reducing 
DPN with CH;CD.OH in the presence of yeast alcohol dehydrogenase), 
1 atom of non-exchangeable D was incorporated in the malate formed. 
This shows that wheat germ malic dehydrogenase causes a direct transfer 
of hydrogen between pyridine nucleotide and substrate and that the 
malic dehydrogenase reaction has the same stereospecificity for DPN as 
does yeast alcohol dehydrogenase. 

2. When unlabeled, ketooxalacetate was reduced rapidly by unlabeled 
reduced DPN in a medium of D,O in the presence of wheat germ malic de- 
hydrogenase, the malate formed contained only 0.1 atom of non-exchange- 
able D per molecule. This shows that oxalacetate is reduced in the keto 
form and not as an enol. 

3. The conclusion that oxalacetate is reduced enzymatically in the keto 
form was confirmed by showing that the rate of enzymatic reduction can be 
limited by the rate of ketonization of the enol form. 
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4. Evidence is presented that Mg** increases the rate of spontaneous 
keto-enol tautomerization of oxalacetate. 

5. When acetaldehyde was reduced by unlabeled reduced DPN in a 
medium of D.O in the presence of yeast alcohol dehydrogenase, little non- 
exchangeable D appeared in the ethanol formed. This shows that acet- 
aldehyde is reduced in the keto form and not as an enol. 

6. When pyruvate was reduced by unlabeled reduced DPN in a medium 
of D.O in the presence of lactic dehydrogenase, little non-exchangeable D 
appeared in the lactate formed. This shows that pyruvate is also reduced 
in the keto form. 


The deuterium oxide was purchased on allocation from the Atomic 
Energy Commission. ‘The funds for the purchase of the mass spectrom- 
eter used in this research were supplied by the Atomic Energy Commission 
under contract No. At-(11-1)-92. 

The authors acknowledge with gratitude the continued interest and 
valuable advice of Dr. Frank H. Westheimer. Thanks are also due to 
Mr. James F. O’Donnell who prepared the diphenacyl malate used as a 
reference compound and to Mr. H. Richard Levy who carried out the 
enzymatic reduction of pyruvate. 
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IV. THE REACTION CATALYZED BY A 6-HYDROXYSTEROID 
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A B-hydroxysteroid dehydrogenase has recently been obtained as an in- 
duced (adaptive) enzyme from a species of Pseudomonas which can utilize 
certain steroids as sole sources of carbon (1). The dehydrogenase, which 
has been highly purified, catalyzes the reversible oxidation of the 17£- 
hydroxyl group of testosterone by diphosphopyridine nucleotide (DPN*), 
as shown in reaction (I). This-reaction has been investigated with deu- 
terium as a tracer to ascertain whether there is a direct transfer of hydro- 
gen between the testosterone and DPN*. Experiments described here 


OH 


+ DPN*t = + DPNH + H* (D 
O O 


Testosterone 4-Androstene-3, 17-dione 


show that such a direct transfer does in fact occur, and the reaction is similar 
in this respect to the reaction catalyzed by alcohol dehydrogenase from 
yeast (2), lactic dehydrogenase from heart muscle (3), and malic dehydro- 
genase from wheat germ (4). It is shown further that the hydrogen trans- 
fer catalyzed by the 8-hydroxysteroid dehydrogenase is sterically specific for 
the DPN, but the transfer occurs to and from the opposite side of the 
nicotinamide ring from that used by the alcohol, lactic, and malic dehydro- 
genases. 

* This investigation was supported by grants from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council, by 
research grant No. G-3222 from the National Institutes of Health, United States 
Public Health Service, and by the Dr. Wallace C. and Clara A. Abbott Memorial 


Fund of the University of Chicago. 
t Scholar in Cancer Research of the American Cancer Society. 
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Materials and Methods 


Steroids—Testosterone and 4-androstene-3,17-dione were commercial 
preparations purified by two recrystallizations from ethyl acetate, followed 
by sublimation in vacuo. The testosterone had a melting point of 154.5- 
155° and fa]? +111.7° (ethanol). The 4-androstene-3,17-dione had a 
melting point of 173.0—-173.6° and [a]?? +191° (ethanol). 

Enzyme—The 8-hydroxysteroid dehydrogenase of specific activities from 
1100 to 5600 units per mg. of protein was prepared according to the method 
of Talalay and Dobson (1). More highly purified preparations having 
specific activities up to 90,000 units per mg. of protein were obtained by the 
additional step of adsorption of extraneous proteins on calcium phosphate 
gel.! 

Assay of Steroids—Testosterone was assayed enzymatically with §-hy- 
droxysteroid dehydrogenase. 4-Androstene-3 ,17-dione was measured spec- 
trophotometrically at 240 my, in methanol solution (e = 15,600). Deu- 
terium oxide was obtained (99.5 per cent pure) from the Stuart Oxygen 
Company, San Francisco, California, on allocation from the Atomic Energy 
Commission. 

Chromatographic Isolation of Reaction Products—Ether-washed Mallinc- 
krodt analytical reagent silicic acid (precipitated, SiO.-2H.O) of 200 mesh 
was used. A slurry of the silica gel in a mixture of equal parts by volume 
of hexane and chloroform was packed in 100 XK 11 mm. columns. The 
residue to be chromatographed was applied to the top of the column in a 
small volume of the same solvent mixture. Gradient elution was carried 
out by starting with hexane-chloroform (1:1) and changing continuously to 
either pure chloroform or 1 per cent methanol in chloroform in a mixing 
reservoir of 300 ml. volume. An automatic fraction cutter was used to 
collect 5 ml. fractions at the rate of 30 ml. per hour. With either system, a 
sharp and complete separation of testosterone and 4-androstene-3, 17- 
dione was achieved, the 4-androstene-3,17-dione being eluted before the 
testosterone. The compounds were located by evaporating the solvent 
in each fraction, redissolving the residue in methanol, and measuring the 
ultraviolet absorption at 240 mu due to the a,8-unsaturated ketone group- 
ing. The contents of the tubes containing the testosterone were combined, 
evaporated to dryness, redissolved in a small volume of methanol (usually 
10 ml.), and assayed enzymatically (1). 

Preparation of Reduced DPN--Four different kinds of reduced DPN 
were used. Unlabeled reduced DPN, designated DPNH, was prepared as 
a salt of tris(hydroxymethyl)aminomethane (Tris) by enzymatic reduction 
of DPN+ (Pabst Laboratories, Milwaukee, Wisconsin) with ethanol, as 


''Talalay, P., and Marcus, P. to be published. 
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previously described (2, 5). The three kinds of deuterium-labeled reduced 
DPN (DPND) all contained D at position 4 of the nicotinamide moiety 
(6). Since reduced DPN has 2 H atoms at this position, there are two 
diastereomers of such monodeuterio-reduced DPN. <A mixture of these 
diastereomers, designated DPND¢., was prepared by chemical reduction 
of DPN*+ with NaeS.O, in a medium of DO as previously described (2). 
One of the diastereomers, designated DPN Dg, was prepared by enzymatic 
reduction of DPN+ with CH;CD.OH in the presence of alcohol dehydro- 
genase. The procedure used and the evidence that this substance is a 
pure diastereomer have been described previously (2). The other di- 
astereomer designated DPN(D), was prepared by starting with a DPNt 
already containing D at position 4 of the nicotinamide ring and reducing 
this DPN* enzymatically with unlabeled ethanol. The deuterium-labeled 
DPN+ was prepared from a sample of 4-deuterionicotinamide generously 
provided by Mr. David Mauzerall and Dr. F. H. Westheimer. The pro- 
cedure will be published shortly. 
The enzymatic reduction was carried out as described for DPNH (2, 5). 
Enzymatic Reduction of 4-Androstene-3 ,17-dione to Testosterone—A typi- 
cal experiment was conducted in the following manner. The reaction mix- 
ture contained 64 mg. of Na2HPO, and 212 mg. of KH2PO, (to give 0.04 
M buffer of pH 6.0), 20 umoles of DPND, (24.6 mg. of Tris salt containing 
54 per cent DPN by weight), 2.5 ml. of a solution of 4-androstene-3, 17- 
dione in CH;OH (containing 1 mg. per ml. or a total of 8.75 umoles of ster- 
oid), 2.0 ml. of a solution of enzyme (containing 4680 units per mg. of 
protein and 2200 units per ml.), and H.O to bring the volume to 50 ml. 
Spectrophotometric measurement at 340 my showed that the reaction was 
complete after 20 minutes at room temperature, since the amount of DPNH 
oxidized corresponded to the amount of 4-androstene-3 , 17-dione added. 
The reaction mixture was extracted with three 15 ml. portions of ethyl 
acetate. The ethyl acetate washings were combined, dried over anhy- 
drous Na2SO,, and evaporated to dryness. The semicrystalline residue 
was dissolved in a small volume of hexane-chloroform (1:1) and chromato- 
graphed on silica gel. There was virtually no peak corresponding to un- 
reacted 4-androstene-3,17-dione. Light absorption measurements at 240 
my indicated the formation of 2.24 mg. of testosterone. The testosterone- 
containing fractions were combined, evaporated to dryness on a steam 
bath, and diluted to 10.0 ml. with methanol. Enzymatic assay of a 0.2 
ml. aliquot indicated the presence of a total of 2.02 mg. of testosterone in 
10.0 ml. (80 per cent yield).2. To the remaining 9.8 ml. of this solution were 
* The amount of testosterone isolated from the silica gel chromatogram was de- 


termined in each case by ultraviolet light absorption measurement at 240 my and by 
enzymatic assay. The values obtained by ultraviolet absorption were always 
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added 14.7 mg. of carrier testosterone dissolved in methanol to give a dilu- 
tion ratio 8.42:1. The methanol was evaporated to dryness and the resi- 
due was sublimed in a micro sublimator at 100—120° and 0.0005 mm. of 
Hg. Final yield, 13.5 mg.; m.p., 153.0-153.9°. The testosterone was ana- 
lyzed for deuterium as previously described. The deuterium content of 
this testosterone was identical with that of unenriched water. A similar 
procedure was used in the other experiments, except for minor changes in 
the concentrations of the reaction components. 


TaBLeE 
Reduction of 4-Androstene-3,17-dione by DPNH in DO 


2 content of activity | Atom per cent 
i t No. ium, at , units Diluti tor. 
xperiment No, medium, atom per of enzyme, unity | Dilution factor) found 
1 83 90 ,000 22.3 0.005 0.03 
2 7 90 , 000 9.30 0.005 0.01 
3 87 1,100 | 15.5 0.161 0.70 
4 9] 4,680 25.4 0.103 0.73 


* 1 unit of enzyme activity has been defined as causing an optical density change 
(logio Zo/Z) of 0.001 at 340 my in 1 minute at 25.0° and pH 9.1 in a cuvette of 1.0 em. 
light path and a reaction system of 3.0 ml. volume containing 100 wmoles of pyro- 
phosphate buffer, 0.5 umole of DPN*, 0.1 umole of testosterone, and appropriate dilu- 
tion of the enzyme. 

t The empirical formula of testosterone is CygH»sO.. Thus, theory for 1 atom 
of D per molecule = 3.57 atom per cent excess. Therefore, atoms of D per molecule 
of testosterone = (dilution factor X atom per cent excess found) /3.57. 


RESULTS AND DISCUSSION 


Reduction of 4-Androstene-3 ,17-dione by DPNH in D.O—When 4-an- 
drostene-3 , 17-dione was reduced enzymatically by DPNH in a medium of 
D.O, the results varied with the purity of the enzyme preparation em- 
ployed, as shown by the data in Table Il. The testosterone formed con- 
tained only negligible amounts of D when a highly purified enzyme was 
used (Experiments 1 and 2). This shows that the 17a-H atom of testos- 
terone must have been derived from DPNH and that the exchange with 
the medium was negligible. With less pure enzyme, the testosterone iso- 
lated was found to have incorporated 0.7 atom of D per molecule (Experi- 
ments 3 and 4). The location of this D in the molecule was not deter- 


This probably indicates the presence of small quantities of non-steroidal contami- 
nants before final purification. For the purpose of calculating the dilution factors, 
the enzymatic assays were considered more reliable and were always used. 
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however, that this incorporation of D from the medium was not associated 
in an obligatory way with the oxidation-reduction reaction under investi- 
gation. However, a number of experiments were done to determine the 
conditions under which the exchange occurred. 

Testosterone and 4-androstene-3 ,17-dione were dissolved in small vol- 
umes of methanol and dioxane, respectively, and diluted with D.O. The 
solutions were buffered at pH 6.0 and incubated both in the presence and 
absence of enzyme for periods up to 24 hours. Except for the length of the 
incubation period and the nature of the added reactants, the conditions 
used were similar to those employed for the experiments of Table I. Under 


TABLE II 
Equilibration of 4-Androstene-3 ,17-dione and Testosterone in DO 


| 
| Enzyme added | 


. Atom per 
No. | | units ms | | | steroid 
| esate | | 
| | | | 
1 P.O 25.0, | Testosterone | 6 20 0.000 | 0.00 
CHZOH 2.5 | | | | 
25.0, 4680 7020 6.52 0.004 0.009 
| CH,OH 2.5, | | | | 
| | | | | 
3 | D.O 12.5, di- Androstene- | 0.000 | 0.00 
 oxane 2.5 | | dione | | | 
4 12.0, di- 5630 2815 ae 0.000 
| oxane 2.5, | | | | | 


H.O 0.5 


these circumstances, there was no appreciable incorporation of D from the 
medium into either steroid, as shown in Table II. The exchange of D into 
testosterone is obviously enzymatic, as already inferred from the absence 
of exchange when testosterone was formed in the presence of purified en- 
zyme. The exchange reaction also requires DPN, although it cannot be 
concluded whether the oxidized or reduced form of the pyridine nucleotide 
is active. Further attempts to ascertain the exact nature of this inter- 
esting reaction were postponed, particularly since the experiments with 
DPND, described in the next section, confirmed the conclusion that the 
exchange reaction did not affect the hydrogen transfer from DPND. 
Reduction of 4-Androstene-3 ,17-dione by DPND in H.O—The results of 
the experiments with labeled DPN are summarized in Table IIT. Experi- 
ments 1 and 2 show that no deuterium whatever was transferred to 4- 
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androstene-3 , 17-dione during the formation of testosterone, when the re- 
ducing agent was DPNDgx, prepared by enzymatic reduction of DPN* 
with CH;CD.OH. The DPNDg, used in these experiments contained 1 


atom of D per molecule. 
As little as 0.01 atom of D per molecule of testosterone could easily have 


been detected. It is clear, therefore, that the enzyme under investigation 


does not transfer D from the position in the nicotinamide which is used by 
yeast alcohol dehydrogenase. Even if 70 per cent of the D were exchanged 
out, the remaining 30 per cent, or a fraction thereof, could easily be meas- 
ured. Experiments 3 to 6 of Table III show, however, that the absence of 
D transfer in Experiments 1 and 2 is due to the steric specificity of the 


TaBLe III 
Reduction of 4-Androstene-3 ,17-dione by DPND in HO 


Specific activity of Atom per Atoms D per 


1 | DPNDe 0.95 1,030 20.0 0.00 0.00 
1.00 4,680 8.42 0.000 0.00 
| DPNDce 1.00 4,680 18.6 0.071 0.37 
4,680 17.9 | 0.046 | 0.23 
5  DPN(D)et 0.58 5,630 1.0 0.102 0.31 


* Symbols explained in the text. 
t+ Nicotinamide moiety labeled at 4 and 6 positions, containing 0.58 atom D per 


molecule at position 4. 
t Nicotinamide moiety labeled at 4 position only, containing 0.20 atom D per 


molecule at position 4. 


enzyme and not to loss of D by exchange with the medium (or to the even 
less likely possibility that the B-hydroxysteroid dehydrogenase reacts with 
a different position of the nicotinamide ring). The DPND¢ used in Ex- 
periments 3 and 4 was reduced chemically and has previously been shown 
to consist of a mixture of the two diastereomers of monodeuterio-reduced 
DPN containing | atom of D at the 4 position of the nicotinamide. The 
DPN(D), was prepared by enzymatic reduction of DPN* already labeled 
with D at position 4. This substance, after enzymatic reduction with un- 
labeled ethanol, contains only H on the side of the nicotinamide ring used 
by aleohol dehydrogenase. There is an appreciable amount of D at posi- 
tion 4 on the other side of the nicotinamide ring. The D transfer observed 
in these experiments confirms the conclusion that a direct transfer of hy- 
drogen occurs between DPN and testosterone and shows that the reaction 
is sterically specific for DPN, but uses the opposite side of the nicotinamide 
ring from alcohol dehydrogenase. 
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A precise evaluation of the quantitative significance of the amount of D 
transferred in Experiments 3 and 4 is not possible. In all these experi- 
ments the enzymatic reaction was carried out with an excess of reduced 
DPN in order to obtain a nearly complete reduction of androstenedione. 
Under these circumstances, the reaction involving rupture of a C—H 
bond may be considerably faster than that involving a rupture of a C—D 
bond. This point has been discussed previously (2). On the basis of 
previous experiments (2), the incorporation of about 0.4 to 0.45 atom of D 
would be expected in Experiments 3 and 4, provided the reactions were 
completely equilibrated. There was no reason to think such equilibration 
was obtained in the experiments of Table III. Moreover, the extent of 
equilibration was probably also variable in the different experiments. 
Similar considerations can account for the fact that the D content of the 
testosterone obtained in Experiments 5 and 6 is only about half as great 
as the D content of the DPN(D),; employed. Here the DPN(D), con- 
tained an appreciable amount of DPNH which probably reacted more 
rapidly in the enzyme reaction. Experiment 6 was performed with highly 
purified enzyme which did not catalyze the exchange reaction. The re- 
maining experiments were performed with less highly purified enzyme, but 
the internal consistency of the results and the reasonable equivalence of 
Experiments 5 and 6 could not possibly have been obtained if 70 per cent 
of the hydrogen atoms in the 17a position of testosterone were derived from 
the medium. Exchange of D for H of the medium might have occurred in 
Experiments | to 5, but not to a sufficient extent to influence the validity 
of the conclusions drawn. 

The 8-hydroxysteroid dehydrogenase employed in this investigation re- 
acts with a variety of 19-carbon steroids containing 178-hydroxyl groups. 
The same enzyme likewise catalyzes a DPN-linked oxidation of 38-hy- 
droxyl groups of certain steroids. Thus in addition to reactions of type 
(I) it also catalyzes reactions of type (11). 


Androstan-38-01-17-one + DPN* = androstane-3,17-dione + DPNH + H* (ID 


The ratio of activities of reactions (1) and (II) has remained constant 
throughout purification, and these reactions are believed to be catalyzed 
by the same enzyme. The enzyme appears to require steroidal substrates 
and will not react with either 3a- or 17a-hydroxyl groups, or with other 
hydroxyl groups of either configuration at other positions on the steroid 
skeleton. Under experimental conditions described, there is no detectable 
reduction of a 3-keto group, provided the latter is in conjugation with 
either a 1,2 or 4,5 unsaturation. Thus the enzymatic reduction of 4- 
androstene-3 , 17-dione proceeds only at the 17 position and the A‘-3-ketone 
grouping remains intact; thus it is possible to study reaction (I) uncompli- 
cated by reactions of type (II). The possible transfer of hydrogen and 
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the steric specificity of reaction (II) for DPN require separate investiga- 
tion. 

Of the four different DPN-linked pyridine nucleotide dehydrogenases 
hitherto investigated in this laboratory, three (7.e., aleohol dehydrogenase 
from yeast, lactic dehydrogenase from heart muscle, and malic dehydro- 
genase from wheat germ) catalyze hydrogen transfer to and from the same 
side of the nicotinamide ring of DPN, but the bacterial 6-hydroxysteroid 
dehydrogenase uses the other side. Examination of other analogous en- 
zymes is required to determine whether any correlation exists between the 
chemical structure of the substrate and the type of steric specificity shown 
for DPN. Meanwhile, it is interesting to note that of the cases hitherto 
examined those enzymes which use the same side of the nicotinamide ring 
all have substrates which resemble each other in molecular size and com- 
plexity more than they resemble the steroid, though the nature of the en- 
zymatic change is in every case similar, 7.e. the reversible conversion of an 
alcohol to an aldehyde or ketone. 

The reactions are analogous also in the sense that the oxidized form of 
the substrate reacts in the carbonyl or keto form and not as anenol. This 
was previously revealed to be the case for alcohol, lactic, and malic dehy- 
drogenases (4). The experiments described in this paper show that it is 
also the case for the B-hydroxysteroid dehydrogenase. If the 4-androstene- 
3,17-dione reacted in the enol form, a minimum of 1 atom of non-exchange- 
able D would necessarily be incorporated into testosterone from the me- 
dium when the reaction was run in D.O. The testosterone formed with 
more highly purified enzyme contained only negligible amounts of non- 
exchangeable D incorporated from the medium, showing that the 4-an- 
drostene-3 ,17-dione was reduced without prior enolization. 


SUMMARY 


1. When 4-androstene-3 , 17-dione was reduced with DPNH in the pres- 
ence of a highly purified bacterial 6-hydroxysteroid dehydrogenase in a 
medium of D.O, only a negligible amount of non-exchangeable D appeared 
in the testosterone. This shows that the enzyme causes a direct transfer 
of hydrogen atoms between substrate and DPN. It also demonstrates 
that the 4-androstene-3 , 17-dione is reduced in the keto form and not as an 
enol. 

2. When the enzymatic reduction of 4-androstene-3 ,17-dione was car- 
ried out in H.O with monodeuterio-reduced DPN prepared by reducing 
DPN? with CH;CD.OH in the presence of yeast alcohol dehydrogenase, no 
D appeared in the testosterone. 

3. When the enzymatic reduction of 4-androstene-3 , 17-dione was carried 
out in H,O with reduced DPN prepared by chemical reduction with 
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NaeS.O, in a medium of D.O, appreciable amounts of non-exchangeable D 
appeared in the testosterone. 

4. The enzymatic reduction of 4-androstene-3 ,17-dione was also car- 
ried out in H2O with reduced DPN prepared from a DPN?* already contain- 
ing D at position 4 of the nicotinamide ring. ‘The DPN was reduced with 
unlabeled ethanol in the presence of yeast alcohol dehydrogenase. The 
testosterone formed in this case also contained appreciable amounts of 
non-exchangeable D. 

5. The results of (3) and (4) confirm the conclusion that a direct trans- 
fer of hydrogen atoms occurs in the reaction catalyzed by the 8-hydroxy- 
steroid dehydrogenase. The results of (2), (3), and (4) show that the 
reaction is stereospecific for DPN, but that the transfer occurs to and from 
the opposite side of the nicotinamide ring from that utilized by alcohol de- 
hydrogenase. 


The authors are grateful to Mr. Richard Leck for aid in developing the 
system of chromatography used in these experiments and to Mr. P. I. 
Marcus for aid in purifying the enzyme. The steroids were generously 
donated by Charles Pfizer and Company, Inc., Brooklyn, New York, the 
Schering Corporation, Bloomfield, New Jersey, and Syntex, 8S. A., Mexico. 

The funds for the purchase of the mass spectrometer used in this research 
were supplied by the Atomic Energy Commission. 
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PURIFICATION AND PROPERTIES OF YEAST 
TRANSALDOLASE* 


By B. L. HORECKER anp P. Z. SMYRNIOTIS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 23, 1954) 


Sedoheptulose-7-phosphate, originally identified as a product of photo- 
synthesis in algae and higher plants (3), has been shown to arise by the 
action of transketolase on pentose phosphate (4, 5). This reaction occurs 
in a wide variety of animal (5, 6), plant (5, 7), and microbial cells (8-10), 
and evidence has been obtained that the heptulose ester is an intermediate 
in the formation of hexose monophosphate from pentose phosphate (7, 
11, 12, 13). 

With the isolation of sedoheptulose-7-phosphate from transketolase 
reaction mixtures (5), it became possible to study directly the conversion 
of this ester to hexose monophosphate. In an earlier publication from 
this laboratory (14) it was reported that this reaction requires a source of 
triose phosphate, and evidence was presented for the accompanying mech- 
anism. The enzyme has been named transaldolase, since it catalyzes the 


H,COH 
C=O} H,.COH 
HOCH C=O 
HCOH HC=0 | node 
HCOW + HC=0 — HCOH + HCOH 
HCOH HCOH HCOH HCOH 
H,COPO;7 
Sedoheptulose- Glyceraldehyde- Tetrose Fructose-6- 
7-phosphate 3-phosphate phosphate phosphate 


transfer of aldol linkages and no reaction occurs in the absence of the 
acceptor. In the present paper a procedure for the purification of trans- 
aldolase from yeast is described, together with evidence for the formation 


* Preliminary accounts of this work have been presented at the Forty-fourth and 
Forty-fifth meetings of the American Society of Biological Chemists, Chicago, April, 
1953 (1), and Atlantie City, April, 1954 (2). 
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of fructose-6-phosphate and tetrose phosphate and for the mechanism of 
the reaction. 


Methods! 


Sedoheptulose-7-phosphate—This was prepared by the action of spinach 
transketolase on R-5-P, as previously described (5). The product used 
for most of this work was 70 to 80 per cent pure. 

Hexose Diphosphate—Commercial HDP was purified by ion exchange 
chromatography on Dowex 1 formate columns and precipitated as the 
barium salt. The product was 80 per cent pure, uncorrected for moisture 
content, and was free of other phosphate esters. 

Glyceraldehyde-3-phosphate—This was prepared from HDP according to 
a suggestion of Dr. T. Biicher of the University of Marburg. HDP was 
treated with aldolase in the presence of a large excess of acetaldehyde. 
Under these conditions, DHAP reacted to form methyltetrose-1-phosphate 
(15) and G-3-P accumulated. The product was isolated by ion exchange 
chromatography. The reaction mixture initially contained 1.36 mmoles 
of HDP, 58.0 mmoles of redistilled acetaldehyde, and 15.0 mg. of aldolase 
recrystallized nine times, in 150 ml. of 0.02 m ethylenediaminetetraacetate, 
pH 7.4. After 20 minutes 1.17 mmoles of alkali-labile phosphate were 
formed. The reaction mixture was put on a Dowex 1 formate column, 
9.6 sq. cm. X 15 em., and eluted by gradient elution (16), with 2 liters of 
water in the mixing bottle and a solution containing 0.25 m ammonium 
formate and 0.1 mM formic acid in the reservoir. Fractions of 20 ml. were 
collected and aliquots analyzed with DPN and glyceraldehyde-3-phosphate 
dehydrogenase. Fractions 69 to 77, containing 181 uwmoles of G-3-P, were 
treated with 1.0 ml. of 1.0 mM calcium chloride and neutralized with 0.60 
ml. of saturated NaOH. The calcium salt was precipitated with 4 volumes 
of ethanol, washed with 80 per cent ethanol, and dried in vacuo. The 
product, 57 mg., contained 163 umoles of G-3-P, which accounted for 78 
per cent of the total phosphate present. 

Other Substrates—Barium R-5-P was a commercial preparation. Uni- 
formly labeled HDP was obtained from the Nuclear Instrument and 
Chemical Corporation. S-7-P, labeled with C in positions 1 and 3, was 
made from R-5-P labeled in position 1; the preparation was carried out as 
previously described (5). 

Coenzymes and Enzymes -Commercial TPN and DPN were purified by 


‘The following abbreviations are used: S8-7-P = sedoheptulose-7-phosphate; 
R-5-P = ribose-5-phosphate; HDP = fructose-1 ,6-diphosphate; DHAP = dihydroxy- 
acetone phosphate; G-3-P = glyceraldehyde-3-phosphate; G-6-P = glucose-6-phos- 
phate; F-6-P = fructose-6-phosphate; DHA = dihydroxyacetone. DPN = diphos- 
phopyridine nucleotide; TPN = triphosphopyridine nucleotide. 
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ion exchange chromatography (17, 18). Aldolase was prepared according 
to Taylor et al. (19). Hexosephosphate isomerase was prepared as pre- 
viously described (5). Zwischenferment was isolated from brewers’ yeast 
by the method of Kornberg (20) and phosphogluconic dehydrogenase by 
the method of Horecker and Smyrniotis (21). Glyceraldehyde-3-phos- 
phate dehydrogenase was prepared from rabbit muscle according to Cori, 
Slein, and Cori (22). Acid phosphatase was purified from potato by the 
method of Kornberg.” 

Brewers’ yeast was kindly furnished by the Chr. Heurich Brewing 
Company of Washington, D. C. Spinach leaf extracts were prepared by 
homogenizing 60 gm. of fresh leaves with 360 ml. of water in a Waring 
blendor for 3 minutes and filtering the homogenate with Schleicher and 
Schuell No. 588 filter paper. The extracts of rat liver acetone powder 
were fractionated with ammonium sulfate as described previously (13). 

Analytical Methods—Absorption measurements were made with a 
Beckman DU _ spectrophotometer. G-6-P and total hexose monophos- 
phate (G-6-P + F-6-P) were determined as before (5). G-3-P was deter- 
mined with DPN and glyceraldehyde-3-phosphate dehydrogenase (22). 

Protein was determined turbidimetrically by the method of Biicher (23), 
standardized with crystalline bovine serum albumin. 


Occurrence of Transaldolase 


In Liver—With the ammonium sulfate fraction prepared from extracts 
of rat liver acetone powder, S-7-P is converted to G-6-P only if triose 
phosphate is present (Fig. 1). Either R-5-P or HDP will serve as a source 
of triose phosphate; the reaction is most rapid when a mixture of HDP 
and crystalline muscle aldolase is added. With the crude transaldolase 
preparation the effect of HDP is catalytic, since nearly 3 moles of G-6-P 
were formed per equivalent of triose phosphate added (Table I). This 
suggests that triose phosphate can be regenerated from the tetrose ester; 
a mechanism for this conversion is proposed in the succeeding paper. 

In Spinach—Extracts of spinach leaves will form G-6-P from S-7-P at 
a rapid rate (Fig. 2), whereas with R-5-P as the substrate G-6-P appears 
only after an appreciable lag period. An effect of HDP cannot be demon- 
strated with these extracts, since they contain a very active fructose 
diphosphatase which forms F-6-P (and therefore G-6-P) from HDP. 
Presumably such unfractionated extracts contain endogenous sources of 
triose phosphate. 

In Microorganisms—Dried brewers’ yeast is an excellent source of 
transaldolase (14), and the enzyme has been purified from this source. 
It has also been detected in extracts of /’scherichia coli (11). 


2 Unpublished procedure. 
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Fic. 1. The formation of G-6-P from 8-7-P with an extract of liver acetone powder. 
The reaction mixture contained 0.05 ml. of liver preparation, derived from 17 mg. of 
acetone powder, 0.14 umole of TPN, and 1.0 mg. of Zwischenferment, in addition to 


the substrates indicated. In the experiments with HDP 0.05 mg. of crystalline al- : 


dolase was added. The total volume was 1.5 ml. G-6-P formation was calculated 
from the density change at 340 my resulting from the reduction of TPN. 


TABLE I 
Catalytic Effect of HDP on G-6-P Formation 


The reaction mixture contained 0.05 ml. of rat liver preparation, 0.14 umole of 
TPN, 0.05 mg. of aldolase, 0.15 mg. of Zwischenferment, 0.54 wmole of S-7-P, and 50 
umoles of glycylglycine buffer, pH 7.4, in a total volume of 1.54 ml. G-6-P produc- 
tion was calculated from the reduced TPN formed, measured spectrophotometri- 
cally at 340 my. 


Purification from Yeast 
Assay—The transaldolase assay was based on the following reactions: 


transaldolase 


S-7-P + triose phosphate — — F-6-P + tetrose phosphate 


hexosephosphate isomerase 
— G 6-1 


F-6-P 


Zwischenferment 


G-6-P + TPN* — 6-phosphogluconate + TPNH + H* 


"hm ay 89 


814 
O $-7-P (0.9yM) 
O R-5-P (3.3) 
(2.2uM) ( 
@ S-7-P +R-5-P 
S-7-P+HDP 
5 
| mumoles | 
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The reaction mixture contained excess isomerase and Zwischenferment, 
but even under these conditions the rate of TPN reduction was not pro- 
portional to the amount of transaldolase added, and the true rate was 
therefore assumed to be given by the broken line in Fig. 3. Thus for an 
observed rate of 0.012 density unit per minute, the corrected rate was es- 
timated to be 0.016. In order to reduce the size of this correction, the ob- 
served rate was usually maintained between 0.010 and 0.015 density units 
per minute; however, larger corrections proved to be sufficiently precise 
for purification purposes. A preparation of 6-phosphogluconic dehydro- 
genase from yeast was employed as a source of Zwischenferment (21) be- 


@ WITH S-7-P 
O WITH R-5-P 


0.10 F 


0.05 


OPTICAL DENSITY 


O 20 40 60 
MINUTES 

Fic. 2. The formation of G-6-P from 8-7-P with a spinach extract. 60 gm. of 
spinach were homogenized for 3 minutes in a Waring blendor with 300 ml. of water 
and the homogenate filtered. The filtrate contained 3.2 mg. of protein per ml. The 
reaction mixture contained 0.14 umole of TPN, 0.55 umole of R-5-P, or 1.10 umoles 
of S-7-P, as indicated, 60 umoles of glycylglycine buffer, pH 7.5, 0.15 mg. of Zwischen- 
ferment, and 0.012 ml. of extract in a total volume of 1.54 ml. Optical density was 
measured at 340 mg. 


cause of the high activity of Zwischenferment in this preparation and its 
greater stability in the frozen state. A unit of transaldolase is defined as 
the amount which causes a change in optical density of 1.0 per minute, 
corrected for deviation from proportionality. Specific activity is defined 
as the number of units per mg. of protein. 

Extraction—Brewers’ yeast was washed with 10 volumes of cold water, 
allowed to settle overnight in the cold room, pressed, and dried on wire 
screens in a stream of air. The dried yeast (240 gm.) was suspended in 
720 ml. of 0.1 mM sodium bicarbonate and allowed to autolyze at 25° for 
7.5 hours. The mixture was treated with 4.0 liters of cold water and 
centrifuged (International, size 2). The residue was discarded and the 
supernatant solution stored at 2° overnight (Table II, autolysate, 4.3 
liters). 
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Acetone Fractionation—2.15 liters of autolysate were brought to pH 4.8 
with 12.0 ml. of 5 N acetic acid and treated with 1.10 liters of acetone, 
previously chilled to —12°. The acetone was added slowly (over approxi- 
mately 10 minutes), and during this time the mixture was stirred mechan- 
ically and cooled to —5° in a freezing bath. After 10 minutes longer at 
this temperature, the precipitate was removed by a brief centrifugation at 
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Fic. 3. Rate of reduction of TPN as a function of the transaldolase concentration. 
The reaction mixture contained 0.36 wmole of S-7-P, 0.36 wmole of HDP, 0.07 umole 
of TPN, 0.34 mg. of hexosephosphate isomerase, 0.083 mg. of aldolase, 0.57 mg. of 
6-phosphogluconic dehydrogenase, and 10 wmoles of ethylenediaminetetraacetate in 
0.04 mM triethanolamine buffer, pH 7.6. The total volume was 1.03 ml. and the tem- 
perature 25°. Transaldolase was added to start the reaction, and readings were 
taken at 1 minute intervals. The rates were calculated from the interval between 
2 and 6 minutes. 


2° (International, size 2, 2 minutes). The supernatant solution was 
cooled to —8° and treated with 455 ml. of cold acetone, added during 6 
minutes. After 30 minutes at —8° the precipitate was collected by cen- 
trifugation, dissolved in 120 ml. of water, and adjusted to pH 7.0 with 
0.27 ml. of 5 N ammonium hydroxide. 

The procedure was repeated with the remaining autolysate and the 
solutions combined (acetone fraction, 283 ml.). 

Calcium Phosphate Adsorption I—The acetone fraction was diluted to 
650 ml. with water, to bring the protein concentration to 8.0 mg. per ml., 
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and treated with 283 ml. of calcium phosphate gel (4.0 gm. dry weight). 
The gel was collected by centrifugation and the enzyme eluted with two 
141 ml. portions of 0.15 M pyrophosphate buffer, pH 7.6 (calcium phosphate 
eluate, 335 ml.). 

Ammonium Sulfate Fractionation—The calcium phosphate eluate was 
treated with 100 gm. of ammonium sulfate and centrifuged and the pre- 
cipitate discarded. Two more fractions were collected by the addition of 
21.0 and 39.0 gm. of ammonium sulfate to the supernatant solutions. 
The last precipitate, which usually contained most of the activity, was 
dissolved in 10 ml. of 0.04 m triethanolamine buffer, pH 7.4, containing 
0.01 mM ethylenediaminetetraacetate (ammonium sulfate fraction, 20.5 ml.). 

Acid Fractionation—The ammonium sulfate fraction was diluted with 
10.0 ml. of water and the ammonium sulfate concentration determined by 


TaBLeE II 
Purification of Yeast Transaldolase 
Fraction | Total units | Specific activity 
his 4 unils per mg. 
Calcium phosphate eluate.......................... | 4860 1.48 
Ammonium sulfate fraction........................} 4500 3.26 
Calcium Phosphate Eluate II........ 1380 61.4 
Ethanol fraction................ 915 97 .0 


measurement with a Barnstead purity meter (model PM-2). Saturated 
ammonium sulfate (16.2 ml.) was added to bring the saturation to 55 per 
cent. The pH was then adjusted to 4.4 by the addition of 12.0 ml. of 55 
per cent saturated ammonium sulfate solution containing 0.2 N sulfuric 
acid. The solution was kept for 5 minutes at 0°, centrifuged, and the 
precipitate dissolved in 5.0 ml. of 0.25 mM glycylglycine buffer, pH 7.4. 
Two more fractions were collected at pH 3.5 and 2.5 by the successive 
addition of 2.0 and 10.5 ml. of ammonium sulfate-sulfuric acid mixture. 
The last fraction, dissolved as before, was dialyzed overnight at 2° against 
flowing 0.05 m acetate, pH 7.4 (acid fraction, 8.8 ml.). 

Calcium Phosphate Adsorption II—The dialyzed solution (8.5 ml.) was 
treated with 8.5 ml. of calcium phosphate gel (24) and centrifuged. The 
gel was washed with 10.0 ml. of 0.05 mM phosphate buffer, pH 6.1, and the 
enzyme eluted with 10.0 ml. of 0.05 m phosphate buffer, pH 7.8. To the 
eluate were added 3.8 gm. of ammonium sulfate, and after 10 minutes the 
mixture was centrifuged and the precipitate discarded. The supernatant 
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solution was treated with 1.6 gm. of ammonium sulfate, centrifuged, and 
the precipitate dissolved in 2.0 ml. of glycylglycine buffer, pH 7.4 (Calcium 
Phosphate Eluate II, 2.4 ml.). 

Ethanol Fractionation——The calcium phosphate eluate was dialyzed 
overnight against flowing 0.05 M acetate, pH 7.4, and the dialyzed solution 
(3.2 ml.) was treated with 0.08 ml. of 2 N acetic acid to bring the pH to 
about 4.5. The solution was cooled in a freezing bath, and 50 per cent 
(volume per volume) ethanol was added slowly, with mechanical stirring. 
After 10 minutes at —8° the solution was centrifuged at —10° and the 
precipitate dissolved in 1.0 ml. of glycylglycine buffer, pH 7.4. The 
supernatant solution was treated with 0.7 ml. of absolute ethanol, cooled 
in a freezing bath to 15°, and the precipitate centrifuged and dissolved as 
before. <A third fraction was collected by the addition of 0.8 ml. of abso- 
lute ethanol in the same manner. This fraction usually contained most 
of the activity (ethanol fraction, 1.1 ml.). 


Properties of Enzyme 


Stability—The final preparation is moderately stable when stored at 
— 16°; after 1 week 80 to 90 per cent of the original activity remains. 
This product still contains traces of triosephosphate isomerase, although 
this activity represents less than 0.05 per cent of that present in the original 
autolysate. For most purposes the enzyme can be used after the acid 
fractionation step, since this preparation is free of transketolase and 
hexosephosphate isomerase. At this stage of purification the enzyme can 
be stored at —16° for several weeks with little loss in activity. 

Effect of pH and Substrate Concentration—Under the conditions of the 
assay the rate changes only slightly with variation in pH from 7.3 to 8.1. 
Below pH 7.3 the rate falls off rapidly, and at pH 7.0 is only 30 per cent 
of the maximum. 

The effect of substrate concentration is illustrated in Fig. 4. The 
affinity constants (K,,), calculated according to Lineweaver and Burk 
(25), were 1.8 X 10-4 and 2.2 X 10~* mole per liter for S-7-P and G-3-P, 
respectively. In view of the complicated assay method, these values 
must be regarded as only approximate. 

Substrate Specificity—Transaldolase exhibits a high degree of specificity. 
S-7-P was not replaced by free sedoheptulose or ribulose-5-phosphate. 
Free glyceraldehyde, glycolaldehyde, or glycolaldehyde phosphate did not 
serve as acceptor in place of G-3-P. 

Absorption Spectrum—The absorption spectrum of the purified enzyme 
preparation showed it to be relatively free of nucleic acid or nucleotide 
components, with a ratio of absorption at 280 to 260 my of 1.77 (26). No 
evidence for a coenzyme or metal cofactor has been obtained; the fact 
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that the enzyme can be precipitated from ammonium sulfate solution at 
pH 2.5 and dialyzed without !oss of activity suggests that no readily 
dissociable cofactors are present. 


Reaction Mechanism 


Wath C'-Labeled Triose Phosphate—The requirement for triose phosphate 
with liver preparations is indicated in Fig. 1; evidence for the same require- 
ment with partially purified yeast preparations has been reported earlier 
(14). The réle of triose phosphate in the reaction was elucidated with 
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Fic. 4. Ieffect of substrate concentration on the velocity of the transaldolase re- 
action. The assay system was as described in Fig. 3, except that in the experiments 
with G-3-P, HDP and aldolase were omitted; the concentration of S-7-P was 3.5 
x For the lower curve, HDP (1.8 X 10°‘ mM) was present. 


uniformly labeled HDP-C"™ as the source of triose phosphate (Table III). 
The G-6-P formed, isolated as the crystalline barium salt, had one-half 
the specific activity of the HDP added, indicating that 3 of the 6 carbon 
atoms were labeled. This was confirmed by degradation (13) of the 
glucose after enzymatic dephosphorylation, when it was found that nearly 
9) per cent of the isotope was located in carbon atoms 4, 5, and 6; carbon 
atoms 1, 2, and 3, which contained little radioactivity,* must have been 
derived from S-7-P. 

With S-7-P-1,3-C'—On the basis of the experiment described in the 
preceding section, it was apparent that in the reaction catalyzed by trans- 


* The radioactivity in C-2 and C-3 may not be significant, since a large correction 
was required due to the addition of carrier ethanol and the actual count obtained was 
only a little above background. 
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aldolase a dihydroxyacetone group was transferred from 8-7-P to triose 
phosphate, presumably G-3-P, to form F-6-P. Free DHA does not equil- 
ibrate with the group being transferred, since no dilution of isotope oc- 


Isotope Content of Hexose Monophosphate Formed in Presence 
of Uniformly Labeled HDP 


Specific activity 


Total C-1 C-2, C-3 | C-4, C-5, C-6 


HDP 102,000 | 
G-6-P 53,000 0 0.92 4.54 


The reaction was carried out with 3.7 wmoles of S-7-P, 4.0 wmoles of HDP-C' 
(uniformly labeled), 1.2 mg. of transaldolase (specific activity = 1.2 units per mg.), 
and 0.12 mg. of aldolase in 0.01 m glyeylglycine buffer, pH 7.7, in a total volume of 
274ml. After 90 minutes the solution was deproteinized with trichloroacetic acid 
and the G-6-P isolated as the barium salt. 1.28 wmoles were recovered and were 
diluted with 83.5 wmoles of carrier G-6-P, and the barium salt was recrystallized to 
constant specific activity (three recrystallizations were required). Total specific 
activity was determined on the barium salt. The ester was hydrolyzed with potato 
phosphatase, and the free glucose degraded with Leuconostoc mesenteroides as pre- 
viously described (13). 

* Counted as infinitely thin samples. 

t+ Counted as BaCO,; at infinite thickness. The glucose degradation was carried 
out by Dr. Martin Gibbs of the Brookhaven National Laboratory. 


TABLE IV 
Hexose Monophosphate Formation from S-7-P-1,3-C" in Presence of Non-Isotopic 


Dihydroxyacetone 
Added | Isolated 
S-7-P | DHA* | G-6-P 
poles | C.p.m. per pmole pmoles | pmoles | c.p.m. per umolet 
6.0 | 8180 0) 2.29 | 7150 
6.0 | SISO | 30.0 2.50 7020 


i 


Sedoheptulose phosphate-1,3-G'™ was incubated with 7.2 wmoles of HDP in the 
presence of 0.4 mg. of partially purified yeast transaldolase (specific activity = 31 
units per mg.), 0.21 mg. of muscle aldolase, and 1.4 mg. of muscle isomerase prepa- 
ration. The total volume was 3.9 ml. After 2 hours the solutions were analyzed 
for G-6-P and earrier was added. This was recovered as the crystalline barium 
salt and recrystallized to constant specific activity. All samples were counted as 
infinitely thin samples. 

* Unlabeled. 

t Corrected for carrier G-6-P. 
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curred when the reaction was carried out with S-7-P-1 ,3-C"™ in the presence 
of an excess of non-radioactive DHA (Table IV). 


Products of Reaction 


Fructose-6-phosphate—It has previously been shown (14) that without 
the addition of the hexosephosphate isomerase preparation little or no 
G-6-P is formed from 8-7-P on incubation with transaldolase. The forma- 
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Fic. 5. The formation of F-6-P from S-7-P. 3.4 wmoles of S-7-P were incubated 
with 3.6 wmoles of HDP, 0.15 mg. of aldolase, and 0.15 mg. of transaldolase (am- 
monium sulfate fraction, specific activity = 9.3 units per mg.) in 1.50 ml. of 0.03 M 
triethanolamine buffer, pH 7.6. Aliquots for assay were diluted with 9 volumes of 
water and heated for 2 minutes at 100°. Assays for G-6-P and total hexose mono- 
phosphate were carried out as described previously (5). The equilibrium concentra- 
tion of F-6-P was calculated from Lohmann’s value for the equilibrium constant for 

hexosephosphate isomerase (27). 


tion of F-6-P as a major product under these conditions is illustrated in 
Fig. 5. The enzyme preparation used for this experiment was relatively 
impure and contained small amounts of glucose phosphate isomerase 
Which slowly converted the F-6-P formed to the equilibrium mixture 
containing about 70 per cent of G-6-P. 

Tetrose Phosphate—Evidence for the formation of a tetrose ester has 
been obtained by paper chromatography (Fig. 6). This experiment was 
carried out with a crude transaldolase preparation, and, as a result, a 
small amount of S-7-P was converted to pentose phosphate by transketo- 
lase. A strong spot corresponding to erythrose was present which, under 
ultraviolet illumination, had the bright yellow fluorescence characteristic 
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of tetroses. However, attempts to isolate tetrose phosphate from the 
reaction mixture have been unsuccessful. Several secondary reactions 
involving this product have been observed; these will be discussed in the 
succeeding paper (29). 


SOLVENT FRONT 


DIHYDROXYACE TONE 
ERYTHROSE 
INCUBATION 
RIBOSE —> MIXTURE 
SEDOHEPTULOSE 


ORIGIN 


Fic. 6. Paper chromatogram of the dephosphorylated transaldolase reaction mix- 
ture. 3.6 uwmoles of S-7-P and 3.1 wmoles of HDP were incubated with 1.7 mg. of 
transaldolase (Calcium Phosphate Eluate I) and 0.12 mg. of aldolase, a volume of 2.5 
ml. containing 0.006 mM cysteine and 0.010 m glyeylglycine buffer, pH 7.5. After 2 
hours at room temperature the reaction mixture was adjusted to pH 5, heated for 2 
minutes at 100°, and the supernatant solution dephosphorylated with potato phos- 
phatase. The solution containing free sugars was deionized, lyophilized, and taken 
up in 0.1 ml. of water. This solution was chromatographed with 70 per cent acetone 


and the spot visualized by spraying with aniline phthalate (28). 


Equilibrium Measurements—Direct evidence for the reversibility of the 
transaldolase reaction is not yet available, but the effect of changes in 
concentration of reactants on the amount of fructose-6-phosphate is 
consistent with the formation of an equilibrium mixture (Table V).  Be- 
cause triosephosphate isomerase is present, the over-all equilibrium (4’) 
favors S-7-P; when a correction is made for the formation of DHAP, the 
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equilibrium constant (A) for the transaldolase reaction itself is estimated 
to be nearly unity. 


TABLE V 
Transaldolase Equilibrium 
| Initial Formed | 
Total triose | . | 
S-7-P phosphate F-6-P | 
| pmoles per ml. | umoles per ml. amole per mil. 
1 | 1.82 3.09 


| 1.04 | 5.72 | 0.55 | 0.033 | 0.82 


The reaction mixture, containing 0.5 mg. of transaldolase (specific activity = 
9.0 units per mg.), was incubated at 25° for 30 minutes in 0.005 Mm triethanolamine 
buffer, pH 7.6. In Experiment 1 the total volume was 0.55 ml.; in Experiment 2, 
0.70 ml. Aliquots for F-6-P assay were removed, diluted with 9 volumes of water, 
and heated for 2 minutes at 100°. The concentration of tetrose phosphate was 
assumed to be equal to that of F-6-P; the final concentrations of S-7-P and triose 
phosphate were calculated by difference. 

* K’ = (F-6-P) (tetrose P)/(S-7-P) (triose P). 
tA = (F-6-P) (tetrose P)/(S-7-P) (G-3-P); assume G-3-P/DHAP = 0.04 (30). 


DISCUSSION 


The reaction catalyzed by transaldolase represents a new type of sugar 
transformation in which a dihydroxyacetone group is transferred from 1 
molecule to another. In contrast to transketolase, which catalyzes a 
similar transfer of ‘active glycolaldehyde,”’ there is no evidence for a 
prosthetic group to bind the active group, and the specificity with respect 
to acceptor molecules is much more limited. ‘To date, only S-7-P and 
F-6-P have been found to serve as DHA donors. In view of the biological 
occurrence of mannoheptulose (31), it is of interest to speculate on the 
formation of compounds having 3,4-cis linkages in this reaction in addition 
to those which, like S-7-P and F-6-P, have trans linkages. 

The identification of F-6-P as the primary reaction product accounts 
for the earlier observation of Glock (32) that this is the first hexose ester 
to arise from pentose phosphate with rat liver preparations. The isolation 
of the tetrose ester formed from S-7-P and G-3-P remains to be accom- 
plished. Evidence for the identity of this compound with b-erythrose-4- 
phosphate is given in the succeeding publication (29). 

The réle of transaldolase in the formation of hexose monophosphate 
from pentose phosphate has been considered in previous communications 
(13, 33, 34). This reaction may also be of importance in the generation of 
the COz acceptor in photosynthesis (35). 
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SUMMARY 
1. Transaldolase, which catalyzes the reaction 


Sedoheptulose-7-phosphate + glyceraldehyde-3-phosphate == 
fructose-6-phosphate + tetrose phosphate 


has been purified about 400-fold from yeast. No evidence for prosthetic 
group or cofactor has been found. 

2. In the reaction a bound dihydroxyacetone group is transferred from 
sedoheptulose-7-phosphate to glyceraldehyde-3-phosphate. Fructose-6- 
phosphate and a tetrose ester are formed. 

3. The reaction appears to be reversible and has an equilibrium constant 
at 25° of approximately 0.82. 
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TETROSE PHOSPHATE AND THE FORMATION OF SEDOHEP- 
TULOSE DIPHOSPHATE 


By B. L. HORECKER, P. Z. SMYRNIOTIS,* HOWARD H. HIATT, anp 
PAUL A. MARKS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institules 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 23, 1954) 
In the preceding paper (1) evidence has been presented for the following 
reaction, catalyzed by the enzyme transaldolase,! 
S-7-P + G-3-P — F-6-P + tetrose phosphate 
On the basis of the reaction mechanism and the configuration of the reac- 
tants, the tetrose ester formed would be expected to be p-erythrose-4- 


phosphate. While final identification of this product must await the 
accumulation of larger quantities of material, two reactions have been 


(1) H.COPO;> 


| H.COPO;7 
C=O 
| C=O 
H.COH 
Dihydroxyacetone HOCH 
aldolase H OH 
HC=O 
HCOH 
HCOH 
HCOH 
HCOH 
| H.COPO;" 
H.COPO;” 
p-E-rythrose-4-phosphate Sedoheptulose-l ,7- 
diphosphate 


observed which provide presumptive evidence for an aldotetrose ester 
with the p-erythrose configuration. One reaction (2) is the condensation 


* A portion of the experimental data in this paper will appear in a thesis to be 
submitted by P. Z. Smyrniotis in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy, Georgetown University, Washington, D.C. 

1 The following abbreviations are employed: S-7-P = sedoheptulose-7-phosphate ; 
G-3-P = glvceraldehyde-3-phosphate; F-6-P = fructose-6-phosphate; DHAP = di- 
hydroxyacetone phosphate; HDP = hexose diphosphate; SDP = sedoheptulose di- 
phosphate; R-5-P = ribose-5-phosphate; ATP = adenosinetriphosphate; DPNH = 
reduced diphosphopyridine nucleotide. 
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with DHAP, catalyzed by crystalline muscle aldolase; the product of this 
condensation has now been identified as sedoheptulose-1 ,7-diphosphate 
(SDP) (Equation 1). 

In the second reaction (Equation 2) the tetrose ester serves as an accep- 
tor for “active glycolaldehyde” derived from pentose phosphate. This 
reaction is catalyzed by the enzyme transketolase. The product, identified 


(2) H,.COH 
H.COH 
HC=0 | 
“Active C=O 
glycolaldehyde”’ 
_transketolase 
HCOH 
HCOH 
HCOH 
HCOH 
H,COPO;" 
p-Erythrose-4-phosphate Fructose -6-phosphate 


enzymatically with hexosephosphate isomerase and glucose-6-phosphate 
dehydrogenase, is F-6-P. The reverse of this reaction, the cleavage of 
F-6-P by transketolase, has been reported by Racker, de la Haba, and 
Leder (3). 

Methods 


Unless otherwise specified the materials and methods were as described 
previously (1). 

ATP®, prepared by the phosphorylation of adenosine-5-phosphate with 
liver mitochondria (4), was kindly provided by Mr. William E. Pricer, Jr. 
This was used to esterify ribose (5) and the R-5-P® converted to S-7-P* 
with spinach transketolase (6). R-5-P-1-C™ and R-5-P-2,3-C™ were 
prepared as described earlier (5). 

Heptulose phosphate was assayed in the orcinol test (6). ‘‘Total triose 
phosphate” (G-3-P + DHAP + HDP) was determined with DPNH and 
the glycerophosphate dehydrogenase preparation, which contains both 
aldolase and triosephosphate isomerase (7). 

Transaldolase was purified from yeast according to the procedure of 
Horecker and Smyrniotis (1). 


Results 
Sedoheptulose Diphosphate 


Formation and Isolation—Transaldolase was allowed to act upon S-7-P 
in the presence of HDP and muscle aldolase, added to provide a source of 
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G-3-P. In this system a good yield of hexose monophosphate was ob- 
tained (1), but very little accumulation of tetrose phosphate occurred. 


aldolase 
(3) HDP — —* G-3-P + DHAP 


transaldolase 
(4) S-7-P + G-3-P ~~ 


> 


F-6-P + b-erythrose-4-phosphate 


aldolase 
(5) p-erythrose-4-phosphate + DHAP ~~ SDP 


Sum, HDP + 8-7-P = F-6-P + SDP 


This ester participated in a secondary condensation with DHAP, cata- 
lyzed by muscle aldolase, to form SDP. An equilibrium mixture was 
formed which contained both S-7-P and SDP; in the presence of a 3-fold 


TABLE I 
Hexose Monophosphate Formation from S-7-P in Presence of HDP and Aldolase 


Heptulose phosphate Hexose monophosphate 
pmoles pmoles 


The reaction mixture contained 72 ymoles of HDP, 0.75 mg. of aldolase, 0.90 mg. 
of transaldolase (specific activity = 14.1), 50 wmoles of triethanolamine buffer, 
pH 7.5, and 25 wmoles of ethylenediaminetetraacetate, in a total volume of 9.3 ml., 
and was incubated for 2 hours at room temperature. 


excess of HDP, about two-thirds of the heptulose was present as SDP. 
The total amount of heptulose ester remained unchanged, indicating the 
virtual absence of tetrose phosphate (Table 1). The reactions are repre- 
sented by Equations 3, 4, and 5. 

In order to isolate the diphosphate ester, the reaction was carried out 
with S-7-P® and the radioactive products were separated by chromatog- 
raphy with Dowex 1 formate (Fig. 1). The S-7-P peak, which was the 
first to appear, contained 32 per cent of the total radioactivity and a 
corresponding amount of the total heptulose. A slower moving com- 
ponent contained most of the remaining heptulose and_ radioactivity. 
The properties of this compound, described below, are consistent with the 
structure sedoheptulose-1 ,7-diphosphate. 

Composition —The barium salt recovered from the second peak was 
dissolved in acid, converted to the potassium salt with a slight excess of 
potassium sulfate, and assayed for phosphate, heptulose, and for products 
formed by the action of aldolase (Table II). It was found to contain 2 
atoms of phosphate per mole of heptulose and to yield 1 equivalent of 
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triose phosphate when cleaved by aldolase. Neither of the products 
formed with aldolase was oxidized by glyceraldehyde-3-phosphate dehy- 
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Fic. 1. Chromatography of heptulose phosphates. The reaction mixture con- 
tained 250 umoles of S-7-P*? (355,000 c.p.m.), 275 wmoles of HDP, 6.0 mg. of aldolase, 
6.0 mg. of transaldolase (specific activity = 3.5 units per mg.), and 10 mg. of isom- 
erase in a total volume of 40.0 ml. at pH 7.6. After 45 minutes at room temperature 
the reaction mixture was placed on a Dowex 1 formate column, 3.1 sq. em. & 11.5 
em., and eluted by gradient elution (8) with 0.2 N formic acid containing 0.5 N sodium 
formate and with 400 ml. of water in the mixing bottle. 8.0 ml. fractions were col- 
lected at a rate of 1 ml. per minute and analyzed for heptulose with the orcinol reac- 
tion. Fractions 75 to 84 were neutralized with 3.0 ml. of 5.0 N ammonium hydroxide 
and treated with 1.0 ml. of 2.0 m barium acetate and 160 ml. of ethanol. The pre- 
cipitate was collected, washed with 80 per cent ethanol, and dried in vacuo. The 
product weighed 113 mg. 


drogenase; the triose phosphate was therefore distinct from G-3-P, and no 
HDP was present. 

Identification of Sedoheptulose—The phosphate groups were removed by 
enzymatic hydrolysis and the sugar converted to sedoheptulosan tetra- 
benzoate. For this purpose 69.2 mg. of barium SDP were dissolved in 
6.5 ml. of 1.0 N acetic acid, treated with 0.32 ml. of 0.57 Mm K.SO,, and 
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centrifuged. The supernatant solution was adjusted to pH 5.0 with 0.15 
ml. of saturated NaOH and incubated at 34° for 1 hour with 2.0 mg. of 
potato phosphatase.? The reaction mixture was heated for 3 hours at 
100° with excess Amberlite IR-120 (H*+ form), to form the anhydride, 
sedoheptulosan. The solution was then deionized by passage through a 
mixed bed column containing Amberlite IR-120 (H+ form) and Duolite 
A-4 (free base), and the effluent was lyophilized. The dry residue was 
taken up in 3.0 ml. of pyridine and converted to the tetrabenzoate by the 
method of Haskins, Hann, and Hudson (9). The melting point was 
166.5-167.5° (uncorrected), compared with 165.0—165.5° for the authentic 
derivative. The mixed melting point was 165.5-166.0°. The optical 


TaBLeE II 
Composition of Heptulose Diphosphate Ester 


umoles 
umole heptulose 


umoles per ml. 


* G-3-P formed by the action of aldolase, analyzed with glyceraldehyde-3-phos- 
phate dehydrogenase. 

t Total triose phosphate formed by the action of aldolase, analyzed in the glyc- 
erophosphate dehydrogenase-t riosephosphate isomerase test system. 


rotation was [a]?? —177° (ec = 0.8 in CHCl;) compared with [a];? —170° 
for authentic material. These values are somewhat lower than those 
reported previously (6), but with the use of a volatile solvent and semi- 
micro polarimeter tubes the results tend to be somewhat variable. They 
are adequate to establish that the product is the D isomer. 

Acid Stability of Phosphate Groups—The two phosphate groups of the 
diphosphate ester show distinctly different rates of hydrolysis in acid; one 
is hydrolyzed at the same rate as S-1-P (6), while the other is more resis- 
tant and is hydrolyzed at the same rate as S-7-P (Fig. 2). The rates of 
hydrolysis are first order, and that for the diphosphate shows a sharp 
break at about 50 per cent hydrolysis. In this respect the diphosphate 
ester strongly resembles HDP, and the data are consistent with esterifica- 
tion in the 1 and 7 positions. 

Reactivity with Aldolase—As shown in Table II, the diphosphate ester is 


* Dr. A. Kornberg, unpublished procedure. 
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Fic. 2. Rate of hydrolysis of heptulose esters in"1.0 x H.SO, at 100° 
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Fig. 3. Reactivity of heptulose diphosphate with aldolase. The assay system 
contained 0.7 wmole of DPNH in 1.0 ml. of 0.02 m phosphate buffer, pH 7.4. The 
HDP runs contained 0.021 mg. of the glycerophosphate dehydrogenase preparation, 
and the SDP runs contained 0.070 mg. of this preparation, which also contains al- 
dolase and triosephosphate isomerase. The rate of DPNH oxidation was measured 
spectrophotometrically at 340 mu. The rate as a function of concentration is repre- 
sented by @ ; the same data plotted according to Lineweaver and Burk (10) are repre- 
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a substrate for aldolase, yielding 1 equivalent of triose phosphate. The 
affinity of this substrate for aldolase as well as the maximal reaction veloc- 
ity approaches that obtained with HDP (Fig. 3). The Ay values for 
HDP and SDP were 0.6  10-* and 1.0 X 10-4 moles per liter, respec- 
tively. The maximal velocities, calculated per mg. of enzyme, were 26.7 
and 8.7, respectively. However, HDP yields 2 equivalents of triose 
phosphate, both of which react with DPNH in the test system, while SDP 
produces only 1, and the comparable rate with HDP is therefore 13.4. 
Thus, with respect to both affinity and velocity of reaction, SDP is about 
60 per cent as active with aldolase as is HDP. 


TaBLe IIT 


Hexose Monophosphate Formation from Pentose Phosphate with 
Transketolase and Transaldolase 


Initial Final Change 


pmoles pmoles | umoles 
0 3.8 | +3.8 
Pentose phosphate less 2-heptulose phosphate. ... +12.2 


The reaction mixture contained 17.8 wmoles of R-5-P, 0.20 mg. of transketolase, 
0.13 mg. of transaldolase, 2.0 umoles of MgCl., and 0.2 umole of thiamine pyrophos- 
phate in a total volume of 1.0 ml. The pH was adjusted to 7.2 before addition of 
enzymes. Samples for assay were diluted with 9 volumes of 0.01 M acetate buffer, 
pH 5.0, and heated for 1 minute at 100°. Incubation was for 2 hours at room tem- 
perature (25°). 


Hexose Monophosphate Formation from Pentose Phosphate with Purified 
Transketolase and Transaldolase 


Stoichiometry—In the course of efforts to accumulate the tetrose ester 
formed in the transaldolase reaction, S-7-P and G-3-P were both generated 
from pentose phosphate with purified spinach transketolase, according to 
Equations 6 and 7. 


transketolase 
(6) 2 pentose phosphate ~~ — §-7-P + G-3-P 


transaldolase 
(7) S-7-P + G-3-P — F-6-P + tetrose phosphate 


However, a balance study carried out with this system revealed that more 
hexose monophosphate was formed than could be accounted for on the 
basis of Equations 6 and 7 (Table III). In this experiment the heptulose 
Which accumulated (2.27 umoles) accounted for 4.5 yumoles of pentose 
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phosphate; the remaining pentose phosphate utilized (12.2 wmoles) should 
have given rise to 6.1 uwmoles of hexose monophosphate; instead, 7.68 
umoles of hexose monophosphate were found. The results of this experi- 
ment are consistent with a reaction between tetrose phosphate and a 
third equivalent of pentose phosphate (Equation 8), in which case the 
calculated yield of hexose monophosphate would be 8.1 umoles. This is 
transketolase 
(8) Pentose phosphate + tetrose phosphate ~F-6-P + G-3-P 


in substantial agreement with the observed result. The low yield of 


TaBLe IV 
Degradation of Glucose Formed from Labeled Pentose Phosphate with Purified 
Transketolase and Transaldolase 


Per cent of total radioactivity 


70 0 28 1 1 0 

16 15 18 17 18 16 


The experimental conditions were similar to those in Table II]; 200,000 to 300,000 
c.p.m. of labeled substrate in each experiment. Glucose-6-phosphate was crystal- 
lized as the barium salt and degraded as described previously (5). A degradation 
of uniformly labeled glucose (kindly furnished by Dr. Martin Gibbs of the Brook- 
haven National Laboratory) was included to check the procedure. 

* Uniformly labeled. 


triose phosphate can be attributed to the destruction of this substance 
during deproteinization of the aliquots taken for assay. 

With C™-Labeled Pentose Phosphate—The reaction between tetrose 
phosphate and “active glycolaldehyde” has previously been suggested to 
account for hexose monophosphate formation from pentose phosphate 
with crude liver extracts (5) and plant preparations (11). With a mixture 
of transketolase purified from spinach and transaldolase purified from 
yeast, the distribution of radioactivity was almost identical with that 
obtained with the crude preparations (Table IV). This lends support to 
the hypothesis that a secondary reaction involving tetrose phosphate is 
catalyzed by transketolase, and that this is responsible for the dilution of 
C* in carbon atom 3 in the experiment with R-5-P-1-C"™. 

As a result of this reaction carbon atom 3 would arise in part from 
unlabeled tetrose phosphate. The result with R-5-P-2,3-C", however, is 
not entirely consistent with this sequence of reactions, since carbon atom 2 
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contains less radioactivity than carbon atom 4, and these should be equally 
labeled by both reactions. 


DISCUSSION 


On the basis of the reactions described in this paper the structure of the 
tetrose ester formed in the transaldolase reaction is established as p- 
erythrose-4-phosphate, since only a sugar with this structure would give 
rise to sedoheptulose-1,7-diphosphate in the condensation catalyzed by 
crystalline muscle aldolase. This conclusion is supported by the forma- 
tion of excess fructose-6-phosphate by the action of purified transketolase 
and transaldolase on pentose phosphate and by the distribution of isotope 
in the product formed with these enzymes. More direct evidence for 
Equation 2 has been obtained by Racker, de la Haba, and Leder (3), who 
have observed the cleavage of F-6-P by transketolase. 

The réle of sedoheptulose-1 ,7-diphosphate in carbohydrate metabolism 
remains to be elucidated. The high affinity and great reactivity of this 
ester with aldolase suggest that it is something more than an artifact of 
the isolated system studied. It may function as a reservoir for D-eryth- 
rose-4-phosphate, which appears to be an important intermediate in 
animal and plant metabolism. 


SUMMARY 


1. Sedoheptulose diphosphate is formed from sedoheptulose-7-phosphate 
and fructose diphosphate in the presence of aldolase and transaldolase. 

2. The product contains two phosphate groups, one of which is relatively 
labile to acid hydrolysis. It is cleaved by aldolase to yield 1 mole of 
dihydroxyacetone phosphate. The sugar has been identified by conver- 
sion to sedoheptulosan tetrabenzoate. 

3. Aldolase shows a high affinity for sedoheptulose diphosphate, and 
the rate of reaction with this substrate is about 60 per cent of that observed 
with fructose diphosphate. 

4. Evidence has been obtained for a reaction between tetrose phosphate, 
formed from sedoheptulose-7-phosphate, and ‘“‘active glycolaldehyde,”’ 
arising in the cleavage of pentose phosphate by transketolase. 

5. On the basis of these reactions, tetrose formed in the transaldolase 
cleavage of sedoheptulose-7-phosphate is identified as p-erythrose-4- 
phosphate. 
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THE EFFECT OF PHOSPHORYLATED HESPERIDIN ON THE 
POLYMERIZATION OF FIBRINOGEN AS STUDIED BY 
LIGHT SCATTERING* 


By ERWIN SHEPPARD, JOHN IMPERANTE, ano IRVING S. WRIGHT 


(From the Department of Medicine, The New York Hospital and Cornell 
University Medical College, New York, New York) 


(Received for publication, May 12, 1954) 


In previous publications from this laboratory (1, 2), 1t was demonstrated 
that phosphorylated hesperidin acted as a potent anticoagulant when ad- 
ministered intravenously to rabbits. The mode of action of this material 
appeared to be similar to that of heparin, since only the plasma recalcifica- 
tion times and antithrombin titers showed significant changes, whereas 
the prothrombin times, antithromboplastin titers, and serum calcium 
levels were within the normal range. Also the injection of protamine nul- 
lified the hypocoagulability of blood produced ‘by phosphorylated hes- 
peridin, 

Beiler and Martin (3) have shown that phosphorylated and sulfonated 
hesperidins and to a lesser degree the acetylated derivative are hyaluroni- 
dase inhibitors. Heparin likewise possesses antihyaluronidase activity (4), 
but this property is less utilized than its anticoagulant action. However, 
when heparin is desulfated both these properties are destroyed (4). In the 
presence of blood, the anticoagulant action of heparin is due to its com- 
bination with a heparin cofactor to form an antithrombin (5) which blocks 
the fibrinogen activation step in the blood coagulation mechanism. On the 
other hand, the anticoagulant property of heparin acting on a fibrinogen- 
thrombin system in vitro has been attributed to its high negative surface 
charge (6) which provides sufficient repulsive forces in the polymerizing en- 
vironment to hinder both the activation and the association of fibrinogen 
molecules. 

It was reasoned that if the anticoagulant and antihyaluronidase proper- 
ties of heparin were due to electrostatic interaction with neighboring 
charged particles, then perhaps the same mechanism could account for the 
anticoagulant properties of the highly charged phosphorylated hesperidin. 

In this paper are reported the results of an investigation of the action of 
phosphorylated hesperidin on the thrombin-induced conversion of fibrino- 
gen studied by the light scattering technique as a function of ionic strength, 

* This is the fifth paper in the series, ‘‘Electrostatie forees involved in blood 


coagulation.’? This work was supported by the Office of Naval Research, United 
States Navy, under contract No. N6onr-264, T. O. 10. 
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concentration, and time of addition. The absence of a cofactor comparable 
to that for heparin is demonstrated. The effect of rabbit sera obtained at 
various times after the injection of phosphorylated hesperidin on the con- 
version of fibrinogen is also described. 


EXPERIMENTAL 


Materials—The ammonium sulfate fractionation technique of Laki (7) 
was used to purify the Armour Bovine Fraction I. Two preparations were 
employed in these investigations and have been designated Bovine Frac- 
tions I-L9 and I-L10. These fibrinogen solutions were dialyzed against 0.3 
mM KCl and contained 1.49 and 1.53 mg. of N per ml. respectively. With 
a nitrogen to protein conversion factor of 5.9 (7), the protein concentra- 
tions were 8.8 and 9.0 mg. per ml. respectively. The clottability of the 
solutions was found to equal approximately 97 per cent. These, there- 
fore, are pure fibrinogen solutions, since Lorand (8) has shown that 3 per 
cent of the total N appears as non-protein nitrogen during the activation of 
fibrinogen by thrombin. The thrombin was the Parke, Davis and Com- 
pany commercial preparation for topical use and contained 22 National 
Institutes of Health units per mg. A 10 per cent aqueous solution of 
phosphorylated hesperidin (hereinafter designated PH) for intravenous ad- 
ministration preserved with 0.5 per cent phenol was supplied by The 
National Drug Company, Philadelphia, Pennsylvania. A sample of an 
anhydrous sodium salt of heparin, lot No. 3390, containing 117 U. 8. P. 
units per mg., was generously supplied by Dr. K. W. Thompson of Organon, 
Inc., Orange, New Jersey. 

Rabbit blood, obtained either by venipuncture or by cleanly cutting the 
denuded ear vein, was the source for the sera used in these studies. Blood 
samples were taken before injection of PH and periodically thereafter at 
the time intervals noted in the text. For the cofactor studies, specimens of 
human sera were obtained from the blood of normal subjects. 

Phosphate buffers (IKH 2PO,4-K2HPO,), pH 7.4, of varying ionic strength, 
u, were prepared according to the data of Cohn (9) and Green (10). Analyt- 
ical reagent grade materials were used throughout these investigations. 

Methods—Dissymmetry and turbidity measurements were taken con- 
comitantly on the thrombin-catalyzed polymerizing fibrinogen solutions. 
The intensities of the scattered light were measured either at —45° and 
— 135° or at +90° and 0°. The wave-length of the incident light was 436 
mu. The procedures and methods of calculation of the dissymmetry coeff- 
cient, g, and turbidity, J90/Jo, were those described by Brice, Halwer, and 
Speiser (11). Depolarization and dissymmetry corrections were not ap- 
plied to the turbidity values because the systems under investigation were 
dynamic. Therefore absolute turbidities were not evaluated, but instead 


t 

f 

} 

s 
(). 
W 

a 
fil 
au 
Wi 

a 
th 
pe 
st¢ 
mi 
tal 
28( 
col 
fib: 
spe 
lat 
tra 
fac 
foll 
tent 
prov 
of « 
troy 
mod 
Le 
of Ie 
the ¢ 


E. SHEPPARD, J. IMPERANTE, AND I. S. WRIGHT 839 


the ratio of light intensities at 90° and 0° is recorded as I90/Jo. This ratio 
is proportional to the absolute turbidity (11). The working standard 
method was employed for the turbidity measurements by means of a work- 
ing standard comprised of calibrated neutral filters and an opal glass dif- 
fuser. 

The standard reacting mixture was prepared by adding 1.0 ml. of Bovine 
Fraction I-L solution to 50 ml. of phosphate buffer (pH 7.4, varying ionic 
strength) in a semioctagonal scattering cell, followed by the addition of 
0.5 ml. of 0.01 per cent thrombin solution. For the series of experiments in 
which 0.5 ml. of 1 per cent PH was introduced into the reacting mixture 
after the reaction had started, the control experiment, containing only 
fibrinogen and thrombin, was stirred at a comparable reaction time. The 
addition was generally made at an early reaction time when the solution 
was slightly turbid (¢ between 1 and 2.5). The stirring procedure, with 
a rubber-tipped glass rod, was also kept uniform for all experiments. In 
the second type of experiment, called the zero time addition, 0.5 ml. of 1 
per cent PH or serum was introduced before the addition of thrombin. <A 
stop-watch was started at the moment the thrombin was added to the 
mixture. 

The protein concentrations of the stock fibrinogen solutions were ob- 
tained by comparing the optical densities of diluted fibrinogen samples at 
280 my with the values obtained for similar preparations whose nitrogen 
content had been determined by the Dumas procedure. The purity of the 
fibrinogen solutions was assayed according to the method of Laki (7). The 
fibrinogen and thrombin solutions were centrifuged for 20 minutes at high 
speeds in a model SS-1 Servall centrifuge, the former at 5000 r.p.m. and the 
latter at 10,000 r.p.m. The buffer solutions were clarified by suction fil- 
tration through ultrafine sintered glass funnels. 

A pparatus—The light scattering photometer used was model LS1 manu- 
factured by Process and Instruments, Brooklyn, New York, and essentially 
follows the design and circuit of Brice, Halwer, and Speiser (11). De- 
tents placed on the rotating calibrated disk at — 135°, —45°, 0°, and +90° 
provided fixed positions which facilitated the rapid selection of the angles 
of observation for the dissymmetry and turbidity measurements. 

The optical densities were taken with a model DU Beckman quartz spec- 
trophotometer. The pH values for the solutions were determined with a 
model G Beckman pH meter. 


Results 


Zero Time Addition of PH to Fibrinogen-Thrombin System As Function 
of Ionic Strength—The purpose of this series of experiments was to observe 
the effect of phosphorylated hesperidin on the conversion of fibrinogen when 
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it is added before thrombin to buffered fibrinogen solutions at constant pH 
and varying ionic strength. Phosphate buffers, pH 7.4, at «7 = 0.05, 0.15, 
0.3, and 0.4 were selected as solvents for the purified fibrinogen. The con- 
centrations of reactants were 0.2 mg. of clottable fibrinogen per ml., 96 y of 
PH per ml., and 0.02 unit of thrombin per ml. except in the control experi- 
ments, which did not contain PH. Dissymmetry and turbidity measure- 
ments were taken concomitantly on these solutions as a function of time. 

It was found that the zero time addition of PH blocked indefinitely the 
polymerization of fibrinogen in media of wu = 0.05 and 0.15, whereas at 
uw = 0.3 and 0.4 the initiation of the clotting process was markedly slower 
than in the control experiments. Fig. 1 is a plot of the dissymmetry co- 
efficient, g, and [90/Jo X 10°, as a function of reaction time, ¢, for the con- 
trol and phosphorylated hesperidin mixtures in phosphate buffer, u« = 0.3 
and pH 7.4. It was observed that approximately 5 minutes elapsed before 
the growth of the fibrinogen particles in the control experiment could be 
detected optically. This is considered the induction period, during which 
time the activation of fibrinogen by thrombin is undoubtedly predominat- 
ing. The induction period is increased to 48 minutes in the presence of 
96 y of PH per ml. (q versus t curve). 

Similar results were found at nh = 0.4, with the difference that in solvent 
of this ionic strength the control and PH mixtures polymerized more slowly 
because of the higher salt concentration. 

Addition of PH at Early Stage of Fibrinogen Conversion (u = 0.1, pH 7.4)— 
In the next experiment 0.5 ml. of 1 per cent PH was added to 51.5 ml. of 
the fibrinogen solution 3 minutes after the addition of thrombin. This 
particular reaction time, after the induction period, when the polymeriza- 
tion was beginning to progress rapidly, was selected for the addition of PH 
in order to observe its effect on the association of fibrinogen intermediates. 
For comparison, the effect on the fibrinogen conversion of the addition, at 
t = 3 minutes, of 0.5 ml. of 1 per cent heparin to an identical fibrinogen- 
thrombin mixture was also investigated. The solutions prepared in phos- 
phate buffer (u = 0.1, pH 7.4) contained 0.2 mg. of clottable fibrinogen per 
ml., 0.02 unit of thrombin per ml., and either 96 y of PH or heparin per ml. 
The control containing only fibrinogen and thrombin was stirred at ¢ = 2.5 
minutes. The scattering data for these experiments are reported in Fig. 2 
in which qg and J9o/Jo X 10‘ are plotted against reaction time. 

It was found that the polymerization of fibrinogen was arrested after the 
addition of PH as indicated by the low, constant J9o/Jo values and also by 
the dissymmetry coefficients which increased slightly and then leveled off 
to an average g = 3.0. A gel network did not appear after 24 hours. On 
the other hand, the addition of an equal weight of heparin under similar 
conditions merely retarded the association of fibrinogen intermediates, as 
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evidenced by the g and J9/Jo values which were significantly lower at the 
end of the observation period than those of the control experiment. A 
coarse gel network, which readily condensed upon agitation to form a clot 
smaller than the control, was also observed. 

Effect of PH-Serum Mixtures on Fibrinogen Conversion—It has been 
found! that when 0.5 ml. of 1 per cent heparin in human serum is added at 
zero time to the standard reacting mixture (buffer, «7 = 0.1) the reaction 
was permanently blocked. However, 0.5 ml. of 1 per cent heparin (aque- 
ous) added to a similar fibrinogen-thrombin system at zero time prolonged 


DISSYMMETRY COEFFICIENT, q 


e) lO 20 30 40 50 60 70 80 
REACTION TIME (MIN) 

Fic. 1. Seattering data for polymerizing fibrinogen solutions in the presence and 
absence of PH. Curves for control mixture containing 0.2 mg. of fibrinogen per ml. 
and 0.02 unit of thrombin per ml. in phosphate buffer, pH 7.4 and uw = 0.3; O, q meas- 
urements; @, J90/Jo measurements. Curves showing the effect of the zero time ad- 
dition of 0.5 ml. of 1 per cent PH to standard reacting mixture; ©, g measurements; 
OD, Jy0/Jo measurements. Total volume of solutions, 52 ml. 


the induction period, after which the polymerization took place. It was 
concluded that the heparin-cofactor complex, acting as an antithrombin, 
blocked the activation and consequently the conversion of fibrinogen, 
whereas heparin per se in this ionic strength merely retarded the initiation 
of the polymerization. The aim of the next group of experiments was to 
detect the presence or absence of a similar serum cofactor for phosphory]- 
ated hesperidin. 

Initially, a concentration of PH was sought which would not block com- 
pletely the polymerization of fibrinogen. It was found that a concentra- 
tion of 9.6 y of PH per ml. of reacting solution added at ¢ = 3 minutes re- 
tarded the conversion in the manner shown in Fig. 3. When added at 


' Sheppard, E., Imperante, J., and’Wright, I. S., in preparation. 
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zero time, the induction period was prolonged to 14 minutes as compared 
to the control value of 2 minutes. It was reasoned that if a phosphorylated 
hesperidin cofactor existed the addition of a mixture of 0.5 ml. of 0.1 per 
cent PH and 0.5 ml. of serum at zero time to the standard reacting mixture 
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Fic. 2. Scattering data for polymerizing solutions in the presence and absence 
of PH and heparin. Curves for control mixture in phosphate buffer, ~7 = 0.1; O, ¢ 
measurements; @, J9o/Jo measurements. Solution stirred at ¢ = 2.5 minutes. q 
versus t curves for addition of PH and heparin (0.5 ml. of 1 per cent solutions), at 
t = 3 minutes, to the standard reacting mixture are represented by @ and © respec- 
tively; the Io/Jo versus t curves (dashed) by @ and & respectively. Other condi- 
tions as in Fig. 1. 

Fig. 3. Scattering data on the effect of 9.6 y of PH per ml. on the initial and in- 
termediate stages of the fibrinogen conversion and also the effect of PH-serum mix- 
ture at ¢ = 0. O, control stirred at ¢ = 3 minutes. Phosphate buffer, pH 7.4 and 
wp = 0.1. Curves for addition of 0.5 ml. of 0.1 per cent PH to standard reacting mix- 
ture; @, at ¢ = 3 minutes; ©, at ¢ = 0. @, addition of 0.5 ml. of 0.1 per cent PH 
+ 0.5 ml. of normal human serum at ¢ = 0 to standard reaction. 


would prevent the polymerization. As is illustrated in Fig. 3, this was not 
the case, since the reaction proceeded at a rapid rate after a 12 minute 
induction period. 

These experiments were repeated in phosphate buffer, 1 = 0.3, with 10 
times the concentration of PH in the serum mixture. The reactions fol- 
lowed essentially the pathways of the experiments depicted in Fig. 1, 
except for a shorter induction period for the PH-serum mixture than for 
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the comparable PH experiment. This observation, owing presumably to 
the removal of active material by complex formation of PH with the serum 
proteins, as well as the fact that the reaction was not blocked, corresponds 
with the results in Fig. 3. 

Liffect of Hesperidinized Rabbit Sera on Conversion of Fibrinogen—Sera 
obtained from rabbit blood before and at various times after the injection 
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Fic. 4, A and B. Scattering data showing the effect of hesperidinized rabbit 
serum on the fibrinogen conversion. The rabbit received 100 mg. of PH per kilo of 
body weight. Curves in A are q versus t and curves in B are Igo/Io X 104 versus t for 
zero time addition of 0.5 ml. of serum to reacting mixture. O, preinjection; QO, 
20 minutes after injection; @, 60 minutes after injection; @, 180 minutes after in- 
jection; ©, 240 minutes after injection. The solutions had a total volume of 52 ml. 
and contained 0.2 mg. of clottable fibrinogen per ml., 0.5 ml. of rabbit serum, and 
0.08 unit of thrombin per ml. in phosphate buffer, pH 7.4 and » = 0.1. 


of 25, 100, and 150 mg. of PH per kilo of body weight were added to the 
fibrinogen-thrombin mixtures at zero time, and the polymerization of fi- 
brinogen was followed by the light scattering technique. The solutions 
contained 0.2 mg. of clottable fibrinogen per ml., 0.5 ml. of rabbit serum, 
and 0.08 unit of thrombin per ml. in phosphate buffer, pH 7.4 and u» = 0.1. 

The light scattering findings for a dose of 100 mg. of PH per kilo of body 
weight are presented in Fig. 4, A and B, which are plots of g and I9o/Jo 
X 10% versus the reaction time, respectively, for the serum-fibrinogen- 
thrombin mixtures. It will be noted that the sera obtained 20, 60, and 180 
minutes after injection prolonged the induction period from a control value 
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of 30 seconds to 3 minutes. However, at 4 hours after the injection, the 
induction period for the hesperidinized serum mixture was 1.5 minutes. 
Another significant finding was the presence of persistently higher g values 
for all the hesperidinized serum mixtures than those obtained for the con- 
trol. However, the [g9/Jo versus t curves showed that the lowest degree 
of conversion occurred for the mixture containing the serum taken 20 min- 
utes after injection, whereas the serum 4 hours after injection did not 
appreciably affect the degree of conversion. 

Similar results were obtained for 150 mg. of PH per kilo. Sera obtained 
20 and 60 minutes after the injection of PH produced identical g and J 9o/Jo 
versus t curves, having significantly higher g values and lower turbidities 
than the preinjection control. The induction period was also prolonged 
from a control value of 1.5 minutes to 8 minutes for the hesperidinized 
serum mixtures. The sera, however, obtained after the injection of 25 mg. 
of PH per kilo did not alter the induction period or the degree of the fibrino- 
gen conversion. None the less, curves for g versus t were higher than for 
the control. These curves were highest for the sera obtained 1 and 2 
hours after injection and had almost returned to the control curve for the 
6 hour serum mixture. 


DISCUSSION 


The results of the light scattering study of the action of phosphorylated 
hesperidin on the conversion of fibrinogen to fibrin demonstrated that 
this highly charged compound interfered with the polymerization at two 
different stages. For example, at » = 0.1 it either prevented the initial 
activation of fibrinogen by thrombin (addition at ¢ = 0) or blocked the 
association of activated fibrinogen molecules or intermediates (addition at 
¢ = 3 minutes). It will be recalled that the zero time addition of PH (96 y 
per ml. of reacting mixture) to the fibrinogen-thrombin system in phos- 
phate buffers at « = 0.05 and 0.15 inhibited the initiation of the fibrinogen 
conversion, whereas at higher values (7.e. «7 = 0.3 and 0.4) the polymeriza- 
tions occurred after a prolongation of the induction period. Thus, the 
ability of PH to interfere with the polymerization by electrostatic inter- 
action is reduced, owing to a decrease in the energy of interaction of the 
charged particles in the solvents of higher ionic strength. It was also 
found that the kinetics of the fibrinogen polymerization were affected by 
the concentration of PH in the reacting mixture. Thus the presence of 
96 y of PH per ml. in phosphate buffer of u = 0.1, ¢ = 3 minutes, per- 
manently blocked the further polymerization of growing x2-mers, whereas 
9.6 y of PH per ml. temporarily arrested the reaction. 

Phosphorylated hesperidin was found to be more potent on an equal 
weight basis than heparin in effecting the fibrinogen conversion in vitro. 
It is apparent from Fig. 2 that the addition of heparin at ¢ =.3 minutes 
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lowered the degree of polymerization, but did not markedly affect the 
orientation of fibrinogen intermediates. On the other hand, the presence 
of an equal weight of PH introduced at the same reaction time to the poly- 
merizing fibrinogen solution interrupted the growth of fibrinogen 2-mers 
shortly after the addition. 

Evidence that a PH cofactor does not exist was gleaned from the studies 
in vitro. Studies in vivo also demonstrated its absence, since 150 mg. of 
PH per kilo given intravenously to a rabbit produced a hypocoagulability 
of the blood for several hours after the injection. Had a cofactor existed, 
then blood specimens, drawn as long as the PH remained in the blood, 
would not clot. This was the case when 50 mg. of heparin per kilo of body 
weight were injected in a rabbit. Samples of blood taken up to 2 hours 
after the injection of heparin did not clot within 24 hours, whereas a sample 
drawn 3 hours after the injection clotted in 18 hours. 

The addition of hesperidinized rabbit serum to the fibrinogen-thrombin 
system at zero time demonstrated the mode of action of PH in vivo. The 
series of experiments with sera from a rabbit before and after the injection 
of 100 mg. of PH per kilo (Fig. 4, A and B) showed that qg values higher 
than those of the control were attained and persisted even for the mixture 
containing serum obtained 6 hours after injection. By this time the in- 
duction period, which had been prolonged from 30 seconds for the control 
to 3 minutes for the hesperidinized serum mixtures, was returning to the 
control value. These findings illustrate the fact that the orientation of 
fibrinogen intermediates was more sensitive to the presence of residual PH 
in the serum than was the inhibition of the fibrinogen activation step. The 
increase in the dissymmetry coefficient for the mixtures containing the 
hesperidinized serum indicates that end to end association of polymers 
predominates and produces, in effect, narrow fibrin strands. The same 
type of orientation may be achieved by increasing the pH or decreasing 
the ionic strength (12). An examination of the turbidity curves revealed 
that the degree of polymerization was smallest for the serum obtained 20 
minutes after injection and increased progressively as a function of time 
after injection. Finally, turbidity values for the 6 hour curve were com- 
parable to those of the control. Actually the gel was more turbid than the 
control, but this was due to the presence of large asymmetric particles in 
the network which contributed additional scattering to the system. 

The sera obtained from rabbits that had received 25 and 150 mg. of PH 
per kilo produced similar effects on identical fibrinogen-thrombin mix- 
tures. Sera obtained from the former dose did not prolong the induction 
period or alter the degree of conversion, but yielded higher qg values than 
did the control, whereas sera obtained 20 and 60 minutes after the latter 
dose prolonged the induction, reduced the degree of conversion, and af- 
fected the orientation of the fibrinogen particles. 
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SUMMARY 


The effect of phosphorylated hesperidin on the kinetics and pathway of 
fibrinogen polymerization was studied by the light scattering technique as 
a function of concentration, time of addition, and ionic strength. It was 
found that PH (96 y per ml. of reacting mixture), added before thrombin, 
permanently blocked the fibrinogen conversion in phosphate buffers of 
0.05 and 0.15 ionic strength, pH 7.4, whereas in buffers of uw = 0.3 and 0.4 
the reaction proceeded to the gel stage after a prolongation of the induction 
period. 

At » = 0.1, the addition of PH to the polymerizing fibrinogen solution at 
a 3 minute reaction time interrupted the further growth of particles. The 
presence of a lower concentration of PH (9.6 y per ml.) in the mixture re- 
tarded the initiation of conversion when added at ¢ = 0 and temporarily 
inhibited the association of fibrinogen intermediates when it was added at 
t = 3 minutes. These results indicate that the action of PH is due to an 
electrostatic mechanism and that it interferes with the fibrinogen con- 
version at two stages (7.e. activation and association of fibrinogen). 

In vitro, PH is a more active inhibitor of fibrinogen conversion than is an 
equal weight of heparin. However, in the presence of serum, heparin 
combines with its cofactor to form an antithrombin, thereby increasing 
its inhibitory action. A comparable cofactor for phosphorylated hes- 
peridin was not found in human or rabbit serum. 

The addition of sera, obtained from rabbit blood before and at various 
times after the intravenous administration of varying dosages of PH, to 
the fibrinogen-thrombin system at zero reaction time affected the indue- 
tion period and the degree of conversion in direct proportion to the concen- 
tration of residual PH in the blood. However, the orientation of the 
polymerizing particles remained altered, even when these conditions re- 
turned to normal. 
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DETERMINATION OF TRIOSE PHOSPHATES AND PROPOSED 
MODIFICATIONS IN THE ALDOLASE METHOD OF 
SIBLEY AND LEHNINGER* 


By WILLIAM 8S. BECK 


(From the Atomic Energy Project and the Department of Medicine, University 
of California Medical Center, Los Angeles, California) 


(Received for publication, June 2, 1954) 


According to Sibley and Lehninger (1), aldolase can be assayed by trap- 
ping the triose phosphates formed from HDP! with hydrazine, treating the 
triose phosphate hydrazones with alkali, and measuring the color produced 
after addition of 2,4-DNPH and aqueous NaOH. Difficulty in obtaining 
pure samples of G-3-P and DHA-P for use as primary standards and un- 
certainty as to the identity of the chromogenic triose phosphate-2 ,4-DNPH 
derivative necessitated empirical standardization with ALP determina- 
tions. 

In attempting to identify the chromogens, the authors found that the 
colored derivative of DHA-P contributed to the final color with 1.78 times 
the intensity of an equivalent amount of G-3-P derivative. Microanalysis 
of isolated chromogenic material showed no phosphorus, C 43.14 per cent, 
H 3.44 per cent, and N 25.66 per cent. The compound gave an intense 
purple with alcoholic KOH, indicative of an osazone, and a blue lake with 
Mg* and dilute alkali similar to that given by certain azo compounds (e.g. 
p-nitrobenzeneazo-a-naphthol). No osazone postulated by the authors 
explained these findings. 

This paper presents the results of a reinvestigation of the nature and 
chromogenic properties of the triose phosphate derivatives. It is shown 
that these color reactions can be used to assay the two triose phosphates in 
a mixture. The results also suggest a number of modifications in the 
aldolase method of Sibley and Lehninger which increase accuracy and per- 
mit use of a pure triose as a secondary standard in place of the cumbersome 
ALP. 


* Based on work performed under contract No. AT-04-1-GEN-12 between the 
Atomic Energy Commission and the University of California at Los Angeles. 

' The following abbreviations are used: ALP, alkali-labile phosphorus; DHA, di- 
hydroxyacetone; DIIA-P, dihydroxyacetone phosphate; 2,4-DNPH, 2,4-dinitro- 
phenylhydrazine; DPN, diphosphopyridine nucleotide; G-3-P, glyceraldehyde-3- 
phosphate; G-3-PDH, glyceraldehyde-3-phosphate dehydrogenase; GALD, dl- 
glyceraldehyde; HDP, fructose-1,6-diphosphate; MG-2,4-DNPO, methylglyoxal- 
2,4-dinitrophenylosazone; PY-2,4-DNPH, pyruvic-2, 4-dinitrophenylhydrazone; 
TCA, trichloroacetic acid; Tris, tris(hydroxymethy])aminomethane. 
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Materials and Methods 


HDP (Schwarz) was purified according to Sibley and Lehninger. Re- 
agent grade hydrazine sulfate, tris(hydroxymethyl)aminomethane (Sigma), 
and DHA (Nutritional Biochemicals and Delta) were used without fur- 
ther purification. Eastman 2,4-dinitrophenylhydrazine was recrystallized 
twice before use. 

GALD (Concord) was recrystallized once from water and further purified 
by refluxing with dry acetone. Aqueous solutions of GALD and DHA 
were allowed to stand at least 48 hours at room temperature before use to 
permit depolymerization. Calcium salts of DHA-P (Delta) and G-3-P 
(Delta) were converted to sodium salts with Amberlite IR-120 ion exchange 
resin. G-3-P dioxane bromide addition compound (Concord) was used in 
some experiments. These preparations were assayed by ALP determina- 
tion and, in some cases, enzymatically (2). All organic solvents were re- 
distilled. Purified isomerase was prepared according to Meyerhof and 
Beck (3) and yeast G-3-PDH by the method of Warburg and Christian (4). 
ALP was measured by the standard technique (5). 

The aldolase procedure of Sibley and Lehninger was followed strictly, 
except where indicated. This procedure, hereafter called Method A, is 
briefly as follows: A tube containing 1.0 ml. of Tris buffer (100 umoles, pH 
8.6), 0.25 ml. of HDP (12.5 umoles), 0.25 ml. of hydrazine (55 umoles),’ 
0.2 ml. of enzyme or tissue, and 0.8 ml. of H,O is incubated at 38° for 30 
minutes and then terminated with 2.0 ml. of 10 per cent TCA. The blank 
is identical, except that HDP is added after TCA. 1 ml. aliquot of filtrate 
is transferred to a cuvette and 1.0 ml. of 0.75 N NaOH is added. After 
standing 10 minutes at room temperature, 1.0 ml. of 2,4-DNPH solution 
(5 umoles in 2 Nn HCl) is added and tubes are incubated for 10 minutes at 
38°. 7 ml. of 0.75 N NaOH are then added and, after 10 minutes, D is read 
at 540 mu. 

In developing chromogenic derivatives of pure triose or triose phosphate 
preparations, the above procedure was duplicated, except for the substitu- 
tion of triose for HDP and water for tissue. The blank consisted of the 
complete system minus triose. Except where stated otherwise, the timing 
of additions was as above. 

All spectrophotometry was carried on at room temperature on either a 
model DU Beckman spectrophotometer or a Cary recording spectropho- 
tometer with 1 cm. quartz cuvettes. 


2 Sibley and Lehninger recommended using 0.25 ml. of a 0.56 mM solution of hy- 
drazine sulfate (= 140 wmoles) adjusted to pH 8.6 in the system. In the present 
studies, monohydrazine bisulfate (N2H;HSO,), whose maximal solubility in water 
at 40° is 3.987 gm. per 100 gm. of solution (7.e., approximately 0.30 m) (6), was used. 
A 0.22 m solution containing 55 um per 0.25 ml. was found satisfactory. 
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EXPERIMENTAL 


The difference in extinction coefficient between G-3-P chromogen and 
DHA-P chromogen was established by the experiments in Table I which 
were performed according to Method A. 

The data can be expressed in simultaneous equations as follows: 

0.50(r) + 0.50(y) = 26.02 (A) 
0.96(r) + 0.04(y) = 32.70 
DHA-P chromogen G-3-P chromogen 


where = €my and y = . When solved, x = 33.28 
and y = 18.76. 
Thus, ¢2HA P chromogen / chromogen _ 177 in good agreement with the 


figure reported by Sibley and Lehninger. Measurement of ¢,,, made from 


TaBLe I 
Extinction Coefficients of G-3-P and DHA-P Chromogens 


Tri D 
System | Dss0 in ok [DHA-P#] 
cuvette* cuvette [G-3-P] 
Tissue + HDP + hydrazine.............. — 0.320 0.0123 26.02 50/50 


* Determined as ALP in aliquot of filtrate K 0.1. 

t Established independently (after removal of hydrazine and TCA) by measuring 
ADs, after addition of excess DPN and yeast G-3-PDH. 

t Hydrazine added after attainment of equilibrium. 


pure triose phosphates alone gave enn * = 32.66, 
= 18.80, and the ratio between them 1.74. 

The difference in molar extinction could be due to the fact that the two 
triose phosphates yielded different chromogenic products under these con- 
ditions or that the product is the same for both triose phosphates, but there 
were differences in the rates of its formation or the yields obtained. 

Filter paper partition chromatograms of ethyl acetate extracts of large 
scale aldolase assays showed single, well defined purple spots when sprayed 
with alcoholic KOH. To obtain intermediate Ry values, it was necessary 
to employ acetylated filter paper (7), permitting use of organic solvents in 
both phases. The following Re values were obtained: 


| 


Stationary phase Mobile phase Re 
n-Octanol Petroleum ether-benzene (1:1) 0.15 
Benzyl chloride Ethanol, 85% 0.11 
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An authentic sample of MG-2,4-DNPO* gave identical Rr values. In no 
case was it possible to partition the chromogenic derivatives of the products 
of aldolase activity into more than one purple-testing fraction. 

Since alkali treatment of the triose phosphate hydrazones splits off the 
phosphate, it was felt that studies could be made on derivatives of pure 
trioses, obviating the need for the precious triose phosphates. Large scale 
preparations were, therefore, made of the chromogenic derivatives of pure 
GALD and DHA according to Method A, except that the amounts of all 
ingredients were increased 20-fold. 10 minutes after addition of 2,4- 
DNPH, both mixtures were extracted with 0.5 volume of ethyi acetate. 
Following this step, no color could be demonstrated in the aqueous phase 
on addition of alcoholic KOH or aqueous NaOH. The solvent phase 
vielded brilliant colors when so tested. 

According to the previous survey of chromatographic systems, in the 
solvent mixture, n-butanol-ethanol-0.5 xn NH,OH (70:10:20) (9), the 
purple-testing chromogen remained at the origin while excess 2,4-DNPH 
moved with the solvent front, suggesting a means of freeing ethyl acetate 
extracts of excess 2,4-DNPH prior to recording absorption spectra. On 
heavily loaded papers, however, a distinct brick-red spot with an PR» value 
of 0.47 appeared after spraying with alcoholic KOH. This is hereinafter 
called ‘‘second component.’’ An extremely faint ‘third component’ of 
indeterminate color appeared with an Py of 0.54. The results were identi- 
eal for GALD and DHA derivatives. 

In this system, an authentic sample of PY-2,4-DNPH? had an PR» value 
of 0.45 to 0.49. Authentic MG-2,4-DNPO failed to move. 

When hydrazine was omitted from the large scale preparations, the 
“second component” (J?r 0.47) failed to appear, although the faint third 
component could still be seen. The purple-testing components from 
GALD and DHA derivatives, when eluted, gave Rr values identical to 
those of authentic MG-2,4-DNPO in the cellulose acetate-two organic 
solvent systems described above. 

These results could be interpreted to mean that (a) the chromogenic de- 
rivatives of both trioses were identical; therefore, the observed difference 
in extinction coefficients was probably due to differing rates of product 
formation or yields, and (b) the final chromogenic product contained MG- 
2,4-DNPO, PY-2,4-DNPH, and possibly a third substance. Rates of 
chromogen development were evaluated by mixing samples containing 
equal quantities of the triose phosphates with buffer, hydrazine, and TCA, 


3 Methylglyoxal-2,4-dinitrophenylosazone was prepared according to Baer and 
Fischer (8). The isolated crystals were chromatographically homogeneous; m_.p. 
299-300°. Microanalysis is given in the text. 

4 Kindly prepared by Dr. J. Nevenzel. 


© 


p 

| 
S( 
to 

A 
the 
= 
the 
ide 

In 
en 
D? 
po 
ald 
tai 
(PY 
trio 


Ww. S. BECK 851 


and treating aliquots of these “filtrates” with NaOH and 2,4-DNPH. 
Mixtures were then allowed to stand for varying periods of time prior to 
the final addition of aqueous NaOH and color measurement. The results 
are shown in Fig. 1. At 10 minutes (the time set forth in the original publi- 
cation) P chromogen) /( chromogen) _ 1 8. at 20 minutes, the ratio is 
1.2, and from 30 minutes on it is 1.0, indicating that DHA-P reacts to form 
MG-2,4-DNPO more rapidly than does G-3-P. 

Following prior removal of the second component by paper chromatogra- 
phy, visible absorption spectra of the chromogenic derivatives of GALD, 
DHA, G-3-P, and DHA-P were found to be identical to those of authentic 
MG-2,4-DNPO in 95 per cent ethyl alcohol and in alcoholic KOH. Ab- 
sorption spectra of pure MG-2,4-DNPO in aqueous NaOH, PY-2,4- 


0.4 
0.3 F 
D540 
© DHA-P DERIVATIVE 
@® G-3-P DERIVATIVE 
0.1 
O 30 60 30 120 


TIME (minutes) 


Fic. 1. Effect on final color intensity of duration of exposure of triose hydrazone 
to 2,4-DNPH (chromogen development reaction). See the text for the details. 


DNPH, and the chromogenic derivatives of the trioses obtained by Method 
A (without removal of the second component and in aqueous NaOH) gave 
the curves shown in Fig. 2. For MG-2,4-DNPO, Amax. = 550 my and 


max. = 68.3. For PY-2,4-DNPH, Amax. = 445 my and en“. = 20.4. Al- 


though Curves C to F in Fig. 2 show only spectra of GALD derivatives, 
identical results were obtained with DHA, except for higher concentrations 
in the 10 minute tube. In Curves E and F, the two maxima in the differ- 
ence spectra coincide with the maxima of MG-2,4-DNPO and PY-2,4- 
DNPH, further indicating that the chromogen is a mixture of these com- 
pounds. 

However, when spectra were similarly measured on the cuvette of an 
aldolase assay or on derivatives of pure triose phosphate, the curves ob- 
tained (Fig. 3) showed less prominent maxima at 445 mu, suggesting lower 
(PY-2,4-DNPH)/(MG-2,4-DNPO) ratios in triose phosphate than in 
triose derivatives. 
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It thus appeared that the postulated partial conversion of triose to 
pyruvic acid by hydrazine is of lower magnitude when the triose is esteri- 
fied with phosphoric acid. The phosphate group probably covers the free 
hydroxyl, preventing conversion of CH,OH to CH;. Since the aldolase 
assay is conducted at pH 8.6, pyruvic acid appearance may be proportional 


A C 
03 
q 
Q2 
Q? | int 
Ol + 
(100 mu) \ (100 mz) 
2 Fig. 3 


Fic. 2. Absorption spectra of pure compounds and GALD derivatives in aqueous 
0.6 n NaOH. A, pure MG-2,4-DNPO, 0.1 um per ml.; B, pure PY-2,4-DNPH, 0.1 
um per ml.; C, GALD derivative after 10 minute chromogen development reaction 
(upper curve) and its blank (lower curve), both read against distilled water; D, 
GALD derivative after 60 minute chromogen development reaction (upper curve) 
and its blank (lower curve), both read against distilled water; EF, difference spec- 
trum of Fig. 2, C; F, difference spectrum of Fig. 2, D. 

Fic. 3. Absorption spectra of chromogenic derivatives developed 10 minutes 
(lower curves) and 60 minutes (upper curves). A, G-3-P derivatives; B, DHA-P 
derivatives; C, aldolase assay mixture. 


to the extent of spontaneous phosphate ester bond hydrolysis at that pH. 
This is supported by measurements of the ratio between D559 (the MG-2,4- 
DNPO peak) and D445 (the PY-2,4-DNPH peak), made under a variety of 
circumstances (Table II). 

In this experiment, the calculated molar percentage of MG-2,4-DNPO 
in the aldolase system (incubated 10 minutes with 2,4-DNPH) is 70.0 or 
79.1 per cent by weight. The percentage by weight of MG-2,4-DNP0O, 
when the chromogen is developed for 60 minutes, is 94.3 per cent. Sibley 
and Lehninger’s reported microanalysis of recrystallized chromogen from 
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aldolase assay mixtures was C 43.14 per cent and N 25.66 per cent, an 
atomic C:N ratio of 1.961. Since the C:N ratio of MG-2,4-DNPO is 
1.875 and that of PY-2,4-DNPH is 2.250, their results would be explained 
if their preparation contained MG-2,4-DNPO and PY-2,4-DNPH and 
was 84.5 per cent MG-2,4-DNPO by weight. This figure lies between the 
10 and 60 minute figures obtained above. 


TaBLeE II 


MG-2,4-DNPO/PY-2,4-DNPH in Triose and Triose Phosphate Chromogens 
Calculated from Absorption Spectra 
[MG-2,4-DNPO] in chromogen is expressed as mole fraction. The calculation is 
based on the assumption that Ds550/D4s; for MG-2,4-DNPO = 2.49 and for PY-2,4- 
DNPH = 0.58 (Fig. 2). 


pH 8.6* pH 2.0* 
t = 10 min.t t = 60 min.t t = 10 min.ft 
Chromogenic derivative of | 
| Mole Mole Mole 
Dss0 | fraction fraction fraction 
Duss as MG- | Duss as MG- Dass as MG- 
2,4-DNPO | 2,4-DNPO 2,4-DNPO 
Pure GALD 1.02 0.23 1.27 0.36 
‘* DHA 1.13 0.29 1.30 0.38 
Pure G-3-P 1.79 0.63 2.30 0.90 2.20 0.85 
‘ DHA-P — 2.00 0.75 2.33 | 0.92 2.26 0.88 
| | | | 
Aldolase assay mixture 1.93 0.70 | 2.31 | 0.91 | 


* pH of mixture prior to addition of TCA; pH 8.6 obtained as in Method A. pH 
2.0 obtained by substitution of glycine buffer, 0.1 mM, pH 2.0 for Tris buffer. 

t Duration of incubation with 2,4-DNPH before addition of aqueous NaOH and 
color measurement. 


The microanalytic results® were as follows: pure MG-2,4-DNPO, calcu- 
lated for CysHy2NsOxs, C 41.7, H 2.8, N 25.9, C:N atomic ratio 1.88; found, 
C 41.5, H 2.9, N 26.0, C:N 1.86; pure PY-2,4-DNPH, calculated for 
CyHsNyOc¢, C 40.3, H 3.0, N 20.9, C:N 2.25; found, C 40.2, H 3.1, N 20.8, 
C:N 2.38. The chromogenic derivatives of GALD and DHA, the spectra 
of which are shown in Fig. 2, were once recrystallized from nitrobenzene. 
Found for DHA derivative, C 42.5, H 2.9, N 25.8, C:N 1.92. The second 
component was isolated by extraction of chromogen with ethyl acetate, ex- 
traction of ethyl acetate with 10 per cent NaeCOs;, neutralization, and 
reextraction with ethyl acetate. Yellow, needle-like crystals appeared 
and gave C 40.5, H 2.9, N 21.1, C:N 2.24. A DHA derivative freed of 


® All microanalyses were performed by Dr. Adalbert Elek. 
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the “second component” yielded C 41.6, H 2.8, N 26.0, C:N 1.86. The 
GALD “second component” was not analyzed but its absorption spectrum 
and chromatographic properties were identical to those of PY-2,4-DNPH. 
No attempt was made to isolate the third component. 


The blue lake reaction with Mg** was confirmed in alkaline aldolase’ 


cuvette mixtures. The test was also positive with unfractionated triose 
chromogens and pure MG-2,4-DNPO, although the latter reacted slowly. 
PY-2,4-DNPH and pure 2,4-DNPH gave negative tests. This reaction 
is considered indicative of a diazo-nitrogen linkage and there is evidence of 
a relationship between the azo compound and the hydrazones (10). The 
point was not investigated further. 

Determination of Triose Phosphates in Mixtures—A 0.25 ml. aliquot con- 
taining triose phosphate (0.05 to 0.3 umole) was added to buffer, hydrazine, 
water, and TCA according to Method A. 1 ml. of this mixture was then 
taken through a 10 minute chromogen development reaction and D was 
read at 550 mu. By careful control of timing, the millimolar extinction 
coefficients® of DHA-P and G-3-P chromogen were satisfactorily repro- 
ducible. Accuracy was improved by warming the filtrate (-+_NaOQH) and 
the 2,4-DNPH to 38° prior to their mixture and incubation for chromogen 
development. ALP was determined on a separate aliquot of “‘filtrate.” 
Reference extinction values were established on solutions of triose phos- 
phates. Although not chemically pure, the percentage purity of com- 
mercial triose phosphate preparations could be determined by ALP and 
enzymatic assays, the equivalence of which indicated minimal triose con- 
tamination. The absence of significant triose in the G-3-P used was also 
shown by gravimetric glyceraldehyde determinations (8). The experi- 
ment shown in Table III illustrates the determination of triose phosphates 
in mixtures. [G-3-P]/[DHA-P] was calculated by solving for a and 6 in 
the following equations: 


a(eau 4 A-P 


= observed D (corrected to 1 umole per ml.) 


(B) 


a +b = | 


6 This term is not strictly correct because it refers to the molar concentration of 
the triose phosphate precursor, not to the chromogenic derivative, which is not only 
a mixture of substances but is present in considerably less than 100 per cent yields 
at 10 minutes. Furthermore, D5; is measured against a blank containing the full 
amount of added 2,4-DNPH. In the experimental tube, some of this has been trans- 
formed so that the absorption obtained (from which is derived the ‘‘millimolar ex- 
tinction coefficient’’) is a difference value not measured against a strictly appropri- 
ate blank. As shown in Fig. 2, absorption of the blank when read against water is 
low at 550 my, and thus not significantly different in the two tubes. For consistency 
of extinction values in successive experiments, however, 2,4-DNPIH solutions must 
be accurately prepared. 
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where a = the mole fraction of total ALP as G-3-P and b = the mole frac- 
tion as DHA-P. 

Determination of Aldolase—For the determination of aldolase it is recom- 
mended that the chromogen development reaction be increased to 60 
minutes, permitting osazone formation to approach completion and yield- 
ing triose phosphate chromogens with equal color values. For maximal 
sensitivity and calibration accuracy, the 10 minute reaction is on a less 
satisfactory portion of the reaction rate curve. Failure to appreciate the 
need for careful timing may explain reports of erratic results by the method 
of Sibley and Lehninger (11). 


TaBLe III 
Determination of Triose Phosphates in Mixtures 


Procedure as in the text. 


Tri | D Calculated 
System* Dss0 at “(G-3-P] 
cuvette cuvette [DHA-P] 
| uM | molar ratio 
G-3-P (0.03 um) + DHA-P (0.07 um)...... 0.288 0.0098 | 29.36 29/71 
Leucocyte homogenate + HDPf.......... 0.447 0.0142 31.51 | 15/85 


*The figures in parentheses refer to concentrations in 1 ml. aliquot used for 
chromogen development. This is diluted 10-fold in cuvette. 

+ Determined as ALP in aliquot X 0.1. 

t Incubated 30 minutes; then hydrazine was added. 


The choice of standard raises problems. ALP calibration is accurate but 
cumbersome and in conjunction with serum aldolase is complicated by 
serum inorganic phosphorus. The ideal standard, triose phosphate, is 
expensive, unavailable in pure form, and fairly unstable. A pure triose 
standard was not previously possible because of disparity of color values in 
the short chromogen reaction. Increasing color reaction to 60 minutes 
removes this objection but, as shown in Table II, the (MG-2,4-DNPO)/- 
(PY-2,4-DNPH) ratio of 60 minute triose chromogen differs from that of 
triose phosphate chromogen. Experimental data and derivations from 


t i h » 
spectral ratios and ¢, values of pure compounds indicate that fie" Phosphate 


“hromogen GALD chromoxn sistently equals 1.7 to 1.9 after 60 minute chromo- 
gen development. It thus appeared that a triose secondary standard could 
be used in conjunction with a correction factor based on ALP measure- 
ments in aldolase filtrates. Used in this manner, dl-glyceraldehyde did 
closely approach the accuracy of ALP calibration. When allowed to de- 


polymerize in aqueous solution at room temperature for 2 to 4 days, GALD 
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satisfied Beer’s law and yielded good day to day reproducibility. Aqueous ale 
GALD is stable and does not convert spontaneously to DHA or other wl 
products (12). 08: 
With the increased 60 minute color values, incubation of tissue with re: 
HDP may be shortened to 15 minutes to minimize tendencies toward to 
alkaline hydrolysis of triose phosphate and non-linearity of enzyme activity of 
with time. A typical aldolase assay, with the proposed modifications and ph 
TaBLe IV | 

Determination of Tissue Aldolase He 

Procedure as per Method A, except that the tissue was incubated 15 minutes. 1 Gl 


ml. of filtrate was used for 60 minute chromogen development and ALP determina- 
tion. Details in the text. 


| eee: uM | 3. 

Leucocyte homogenate, 0.1 ml............ : 0.423 | 0.0123* | 34.4 4. 
0.195 0.0106t | 18.4 6. 

* Determined as ALP in aliquot of filtrate K 0.1. 10. 
11. 


t Aliquot of known stock solution. 


— 
to 
e 


a GALD standard, is presented in Table IV. The correction factor in this 
experiment is 34.7/18.3 or 1.90; 2.e. 


GALD chromogen triose phosphate chromogen 
€mM xX 1.90 = emu 


SUMMARY 


Studies on the aldolase method of Sibley and Lehninger indicate that the 
chromogens derived from the triose phosphate hydrazones upon addition 
of 2,4-dinitrophenylhydrazine and NaOH are identical for glyceraldehyde- 
3-phosphate and dihydroxyacetone phosphate, consisting essentially of a 
mixture of methylglyoxal-2 ,4-dinitrophenylosazone and pyruvic 2,4-dini- 
trophenylhydrazone. 

The reported difference in molar extinction between the derivatives of 
the two triose phosphates is related to the rate of formation of the osazone 
derivatives. When the chromogen development reaction is interrupted at 
10 minutes, the ratio between the e, values of dihydroxyacetone phosphate 
derivative and glyceraldehyde-3-phosphate derivative is 1.8; at 60 minutes 
the ratio is 1.0. 

Careful timing of the 10 minute reaction permits an estimation of [glycer- 


Is 
or 


W. S. BECK 857 


aldehyde-3-phosphate] and [dihydroxyacetone phosphate] in a mixture 
whose [alkali-labile phosphorus] is known, based on the difference in rate of 
osazone formation. For the aldolase assay, however, a 15 minute enzyme 
reaction and 60 minute chromogen development reaction are recommended 
to increase sensitivity and accuracy. The latter modification permits use 
of a triose as a secondary standard in place of the cumbersome alkali-labile 
phosphorus. 


The author gratefully acknowledges the kind counsel of Dr. David 
Howton, and the technical assistance of Julianne Hitt, Juanita Lamport, 
Gloria Davis, Phyllis Talmage, Ione Crawford, and Beatrice Novotny. 
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THE EFFECT OF pH ON FUMARASE ACTIVITY IN 
ACETATE BUFFER 


By CARL FRIEDEN ann ROBERT A. ALBERTY 


(From the Department of Chemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 9, 1954) 


In previous articles (1, 2) it has been shown that in phosphate buffers 
the maximal initial velocities for the forward and reverse reactions cata- 
lyzed by fumarase 


Fumarate + H.O L-malate (1) 


vary in a simple way with pH. This variation in maximal initial velocity 
was interpreted in terms of the ionization constants of two groups in the 
fumarase-fumarate and fumarase-L-malate complexes. 

In this article, data are presented for the pH variation of the maximal 
initial velocities and Michaelis constants of both substrates in 10 mM ace- 
tate buffer at 25°. These data may be interpreted in terms of the ioniza- 
tion of two groups in the enzymatic site which have different ionization 
constants in the free enzyme and in the complexes with fumarate and 
L-malate. 

This interpretation has its roots in the suggestion by Michaelis et al. 
(3) that the bell-shaped activity curves so often found for enzymes result 
from ionization of groups in the enzyme. These ideas are expressed ex- 
plicitly by the accompanying scheme (mechanism (2)) which we believe to 
be the simplest that can represent all the facts at constant buffer con- 
centration. 


ki ks ks 
ky 6 
Kur Kar |! Kar |! Kae |f Kum |! 
HF 'F E*-'M E*-! HM 


In this mechanism F and M represent the doubly charged anions of 
fumarate and Lt-malate which are the predominant forms over most of the 
pH range studied, while HF and HM represent the singly charged anions. 
The enzyme E is considered to exist in three ionized forms E"~ !, E”, and 
E" +! where n is the net negative charge of the groups in the catalytically 
active form. The acid ionization constants for the groups at the active 
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site are indicated in the mechanism, which is a combination of those dis- 
cussed before (4—6), now written for both the forward and reverse reactions 
and including the secondary ionizations of the substrates which become 
of importance at the lower pH values used. It will be shown in this paper 
that the same ionization constants for the free enzyme (Ka, and Ky,) 
are obtained from studies of the kinetics of the forward and reverse re- 
actions. 

It has been shown earlier with phosphate buffers (2) that the maximal 
initial velocities and Michaelis constants depend on the concentration of 
the buffer salts and are independent of the buffer cation used. Since the 
relative concentrations of HsPO; and HPO, vary with pH, it is desirable 
to use a buffer such as tris(hydroxymethyl)aminomethane acetate in which 
the concentration of a single anion cay be maintained constant over the pH 
range studied. In view of the large buffer effects, the actual mechanism 
should include buffer interactions, but such effects have to be omitted in 
mechanism (2) for the sake of simplicity. A study of the effect of changing 
the acetate buffer concentration and the nature of the buffer used will be 
discussed in a future paper. 

For the case in which the substrate concentration is large in comparison 
with the enzyme concentration, a steady state treatment (7) of mecha- 
nism (2) shows that the Michaelis equation v = V/(1 + K/(S)r) will be 
obeyed for both the forward and reverse reactions. In this equation 
(S)7 is the total molar concentration of the substrate, and v is the initial 
velocity. The maximal initial velocities, V, and Michaelis constants, K, 
are functions of the pH and for the forward reaction are given by 

Vy 


1+ (H*)/Korr + 


Vr = (3) 
where 
o 
(ks + ky + ks) 


Vy’ (4) 


and (E)> is the total molar concentration of enzymatic sites, and 
Ke = Ky + + /Kue) (5) 
(1 + (H*)/Kare + (HH )) 


where 


Ky’ (kok + haks) (6) 
ky (ks + ky + ks) 

All the ionization constants and rate constants are identified in the mecha- 

nism. The quantities V,’ and Ky’ will be referred to as the pH-inde- 


pendent maximal initial velocity and Michaelis constant for fumarate. 
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The maximal initial velocities and Michaelis constants for the reverse 
reaction are given by 


Va’ 

1+ (H*)/Koem + Aoew/(H*) 

where 

P koks(E) 
Vu (ko + ks + ks) se 
and 
(1 + (H*)/Kor + Kor/(H*))0 + (H*)/Kum) (9) 
(1 + (H*)/Karw + Koru/(H*)) 

where 

Ky’ = (koks + + ksks) (10) 


+ ks + ky) 


The expressions for Ky and Ky are closely related to those derived by 
Dixon (8). 

The two maximal initial velocities and two Michaelis constants which 
may be determined experimentally are not independent, but are related 
through the equilibrium constant by a relation first derived by Haldane 
(6) for a simpler mechanism. 


(M)r VrKw (1+ (H*)/Kum) 


(F)r VuAr (1 + (H*)/Kur) 


= 


The apparent equilibrium constant for the over-all reaction, K,app., will 
vary with pH because of the ionization of the substrates, while K,q. is the 
pH-independent equilibrium constant written in terms of the doubly 
charged anions of the substrates. At 25° and 0.01 ionic strength K,,. has 
a value of 4.4 (9). 

Equation (11) has been verified for the fumarase reaction in earlier work 
(9, 2) done with sodium phosphate buffers. In the present investigation 
this relation has been tested over the whole pH range by plotting V-(1 + 
(H+)/Kyy)/4.4Ky or + against pH. According 
to equation (11) the same plot should be obtained in both cases if the 
Haldane equation is obeyed. Furthermore, according to equations (3) 
to (10) 


Vr ( ( Ve 


~ (1 + (H*)/Ker + Kor/(H*)) 
Vu =) 


Kur 
(12) 


Ku Kuy ) (1 + (H*)/Ker + Kor/(H*)) 
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Thus mechanism (2) requires that the quantities Vp(1 + (H*)/Kuy,)/ 
4.4K, and Vy(l + (H*)/Aym)/Am must vary in the same way with pH. 
The variation of these quantities with pH depends upon the ionization 
constants of acid groups in the active site with no bound substrate. Thus 
it is an important test of the theory to determine, as is described in this 
paper, whether the same values of Kaz and A>, are actually obtained from 
studies of both the forward and reverse reactions. When this is the case, 
equation (12) shows that 
Vr Aw’ 
Ky’ 


Keg. = 44 = (13) 
which may be regarded as the Haldane equation for the pH-independent 
kinetic constants. 


EXPERIMENTAL 


Fumarase was isolated and crystallized by methods developed in this 
laboratory (10). Both substrates were recrystallized (9). Measurements 
of the initial reaction rate were made as described earlier (9) on a Beckman 
DUR spectrophotometer with an expanded scale of 80 to 100 per cent 
transmission. In order to obtain sufficiently large changes in optical den- 
sity for the first several per cent reaction, it was necessary to use cuvettes 
with a 10 cm. optical path. In accordance with data published earlier 
(2, 11), substrate activation is encountered at substrate concentrations 
greater than about 5 times the Michaelis constant. Therefore, the maxi- 
mal initial velocities and Michaelis constants reported in this paper have 
been obtained at sufficiently low substrate concentrations to avoid the 
complications of substrate activation. Full details of the initial rate 
measurements have been published earlier (2). <All determinations were 
made at 25°, although the enzyme was kept at 0° in a dilute buffer solu- 
tion at pH 8. In all experiments the acetate concentration was main- 
tained at 0.01 m and the pH was varied by altering the concentration of 
tris(hydroxymethyl)aminomethane. Since some of the enzymatic activity 
is lost during a series of rate measurements, the velocity was determined 
at intervals under a standard set of conditions. The maximal initial 
velocities and Michaelis constants were calculated from Lineweaver-Burk 
plots of the rate data. 


Results 


The variation of the maximal initial velocities and Michaelis constants 
for the forward and reverse reactions is shown in Figs. 1 to 4. According 
to equations (3) and (7), graphs of Vy and Vy, versus pH should be sym- 
metrical and bell-shaped. Once the experimental points have been deter- 
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mined, the best curve is drawn through the points and Kags and Koss 
determined by the equation 


Ka (H*). + (H*), 4(H*) max. (14) 
and 
Ky = (H+)max./Ka (15) 
3 T O T T 


Fumarate 
mM Acetate 


Ne 


6 oH 8 
Fic. 1. Plot of the maximal initial velocity for fumarate as a function of pH in 
10 mm acetate buffer at 25° compared with the theoretical curve (solid line) ecal- 


culated from equation (3). 


2r 

| -Malate 
10 mM Acetate 
Vu 

iL 
l 

5 6 7 8 


pH 
Fic. 2. Plot of the maximal initial velocity for L-malate as a function of pH in 
10 mm acetate buffer at 25° compared with the theoretical curve (solid line) cal- 
culated from equation (7). 


where (H*), is the hydrogen ion concentration on the acid side of the maxi- 
mum required to give half the maximal velocity, (H*), is the corresponding 
hydrogen ion concentration on the alkaline side, and (H*)max. is the hy- 
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drogen ion concentration at the maximum of the curve. This method has 
been described earlier (5). The solid curves in Figs. 1 and 2 have been 
calculated from equations (3) and (7) with the values of the ionization 


Fumarate 
10 mM Acetate 


6 oH 7 8 

Fic. 3. Plot of the Michaelis constant for fumarate as a function of pH in 10 mu 
acetate buffer at 25° compared with the theoretical curve (solid line) calculated from 
equation (5). 
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| - Malate 
10 mM Acetate 
Kn 
(pM) 
50+ 
1 
5 6 pH 8 


Fic. 4. Plot of the Michaelis constant for L-malate as a function of pH in 10 mM 
acetate buffer at 25° compared with the theoretical curve (solid line) calculated 
from equation (9). 


constants of the enzyme-substrate complexes determined in this way. 
The agreement in the pH range indicated is satisfactory, although there 
are some deviations at higher and lower pH values which will be the sub- 
ject of further research. 

The variation of the Michaelis constants for the forward and reverse 
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reactions is shown in Figs. 3 and 4. Since the pK values for the secondary 
ionization of L-malate and fumarate are pKyy = 4.73 and pKyr = 4.18 
(9), appreciable fractions of the substrates are in the monovalent form 
at the lower pH values used. ‘These ionizations will not affect the maximal 
initial velocities, but will affect the Michaelis constants. The solid curves 
in Figs. 3 and 4 have been calculated from equations (5) and (9) with the 


4015 
e 
Ol0r 
Ko Kar’ 
4005 
e 
5 6 pH 7 8 0 


Fic. 5. Plot of Vp (1 + (@) and Vy (1 + (11*)/Kuy)/Ku (O) 
versus pH in 10 mM acetate buffer at 25° compared to the theoretical curve (solid 
line) calculated from equation (12). 


TABLE I 


pK Values for Groups in Enzyme and Enzyme-Substrate Complexes in 10 mau Acetate 
Buffer at 25° As Determined Kinetically 


| E (Fig. 5) | EF (Fig.1) | EM (Fig. 2) 


j 


| 6.2 | 5.3 6. 
| 6.8 | 7.3 | 8. 


6 
4 


values of the ionization constants determined from Figs. 1, 2, and 5. At 
the lower pH values, the experimental points are corrected by the factor 
(1 + (H+)/Kypy) for fumarate and (1 + (H*)/Aysy) for malate. As ex- 
plained in the theory, a plot of Vy(1 + (H*)/Aua)/Am or Ve(1 + (H*)/ 
Kup) /4.4Ky should give symmetrical bell-shaped curves which are super- 
imposable. The experimental data have been plotted in this way in Fig. 
5. The fact that the points for the forward and reverse reactions do super- 
impose so closely shows that the same values of the ionization constants 
of the enzymatically active site in the free enzyme are obtained whether 
fumarate or L-malate is used, as is to be expected from the proposed mech- 
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anism. It also shows that the Haldane relationship, equation (11), is 
obeyed throughout the pH range. As in Figs. 1 and 2, the best curve was 
drawn through the experimental points, the pK values then calculated, 
and the theoretical curve drawn according to equation (12). 

The ionization constants, expressed as pK values, derived from Figs. 1, 
2, and 5 are presented in Table I. 

From equations (3) and (7) it is possible to calculate V}’ and V,,’, the 
pH-independent maximal velocities. From equations (5) and (9), it is 
possible to calculate Ay’ and Ky’, the pH-independent Michaelis con- 
stants. These values are listed in Table IT. 

From the known turnover number and pK value (1, 10) it can be caleu- 
lated that Vy.’ = 2.5 corresponds to a rate of 0.36 mole of L-malate con- 


TaBLe II 


‘ pH-Independent Maximal Initial Velocities, Expressed As Turnover Numbers, and 
| Michaelis Constants for Fumarate and u-Malate Calculated from Theoretical 
Curves in Figs. 1, 2, and 6 


| 


Fumarate L-Malate 


| 10.9 105 7.9 & 10! 


* The ratio of the turnover numbers for fumarate and L-malate is more accurate 
than the absolute values given, which involve the enzyme concentration and the as- 
sumption that there is one active site per molecule. 


verted to fumarate per minute per gm. of enzyme at 25° in 10 mM acetate 
buffer. 


DISCUSSION 


The theory previously presented and extended here provides a method 
for the determination of the ionization constants of groups in the enzyme 
which affect the catalytic activity. The method is clearly applicable to 
enzymes other than fumarase. One of the most important results of the 
present research is that the same values of the ionization constants for 
two essential groups in the free enzyme are obtained whether fumarate or 
L-malate is the substrate. This is strong evidence that it is the same 
enzymatically active site which converts fumarate to L-malate and L-malate 
to fumarate. 

On the basis of electrostatic effects alone it would be expected that the 
binding of a negative substrate ion to the free enzyme would give rise to 
acid-weakening effects and that therefore pKagr and pKapy should be 
greater than and that pKsgr and should be greater than 
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pK». It should be pointed out that such a consideration is not inherent in 
the mechanism, but might be expected in view of the known effects of 
charged groups on the ionization of acids. By referring to Table I, it can 
be seen that this is the case for and but that pKorr 
is lower than phug. The fact that the electrostatic argument fails here 
shows that other types of interactions between fumarate and the ionizing 
groups of the enzymatic site must be considered. It is also clear that, 
even though Poem, and are raised, they are not all changed 
to the same extent. Asa result the pH optima for fumarate and L-malate 
are different. 

The pk values reported in this paper are those for a 10 mM acetate 
buffer medium. They will be expected to vary with buffer concentration 
and the type of buffer used (12). The effect of buffer type may be seen 
by comparing the values of pKagr, pPKaem, and previously 
determined (1) in phosphate buffers of various concentrations. Com- 
parison with these results shows that pKiz ex is approximately the same in 
acetate or phosphate buffer. However, since pKagm, PKarr, and pKogr 
are lower by about 0.5 pH unit in acetate than in phosphate buffers, it is 
clear that the buffer affects the ionization of groups in the enzyme. For 
this reason, it will be important to determine pK values at other acetate 
concentrations. The extrapolation to zero buffer concentration will be of 
special interest. Work of this nature will be reported in a later paper. 


SUMMARY 


1. The pH variation of the Michaelis constants and maximal initial 
velocities for the forward and reverse reactions catalyzed by fumarase has 
been studied in 10 mM acetate buffers at 25°. 

2. The kinetic data are interpreted in terms of a simple mechanism al- 
lowing for the ionization of the enzyme and the enzyme-substrate com- 
plexes. 

3. The pk values of the free enzyme as obtained from plots of the kinetic 
data are found to be the same for the forward and reverse reactions. 

4. The plx values of the enzyme-substrate complexes obtained from 
plots of the maximal initial velocity versus pH are different for the two 
substrates. j 

5. The Haldane equation is found to be obeyed by the calculated pH- 
independent kinetic constants as well as by the direct experimental data. 


The authors are indebted to Dr. Robert M. Bock and Dr. John S. Me- 
Kinley-Mc Kee for many helpful discussions. This research was supported 
by grants from the National Science Foundation and the Research Com- 
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THE SYNTHESIS OF INOSITOL IN THE IMMATURE 
RAT AND CHICK EMBRYO* 
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The formation of inositol within the animal body was suggested by 
Needham (1) to explain the normal concentration of body inositol and the 
continued urinary excretion of inositol by rats fed a low inositol diet for 
prolonged periods. The rising concentration of free inositol during de- 
velopment of the hen’s egg has been similarly explained (2). The signifi- 
cance of these observations is in doubt because the analytic procedures 
used did not measure all bound inositol. Woolley (3) has shown that the 
total inositol in the egg does not increase significantly during development. 
The earlier observations were attributed to a shift from bound to free 
inositol. Woolley (4), however, has found that the inositol content of 
mice fed inositol-free diets from the time of weaning increases, provided 
the diets contain adequate pantothenic acid. Since bacteria isolated from 
the intestinal tract of some of these mice were capable of elaborating inosi- 
tol, the site of inositol synthesis remained in doubt. 

Because evidence is still conflicting concerning the formation of inositol 
in higher animals, the incorporation of carbon from C-labeled glucose into 
inositol has been studied in the immature rat and in the chick embryo. 
Glucose was selected as a carbon source because its conversion to inositol 
has been reported in plants (5) and the reverse process, namely, the forma- 
tion of glucose from inositol, has been observed in rats (6). The finding 
of radioactivity in the inositol of rats and chick embryos after the ad- 
ministration of labeled glucose is reported in this paper. 


Methods 


Preparation of Uniformly Labeled C™-Glucose—Glucose was synthesized 
photosynthetically by cantaloupe leaves! according to the method of Wick 
and coworkers (7). The radiopurity of the preparation was confirmed by 


* This work was supported by a grant-in-aid from the Nutrition Foundation, Ine. 

Tt Some of the initial experiments were performed while a member of the Depart- 
ment of Biological Chemistry, Washington University School of Medicine. 

' We are indebted to Mr. Barry Commoner of the Department of Botany, Wash- 
ington University, for help in growing the plants. 
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paper chromatography. All the radioactivity detectable by radioauto- 
graphs was localized in a spot moving with the same Fy as that of glucose 
in ascending chromatograms developed with lutidine-water (65:35) and 
acetone-water (80:20). The specific activity of the glucose was 872 c.p.m. 
per y in the Robinson proportional flow counter (8) used in these experi- 
ments. 

Incorporation of C''-Inositol by Rats—Immature male Sprague-Dawley 
strain rats were fed a low inositol diet, containing 0.08 mg. of inositol per 
gm. (9) for 1 week prior to and during the administration of labeled glu- 
cose. Rats 3 and 4 in Experiment II were fed Friskies, which contained 
1.48 mg. of inositol per gm., during the experimental period. 

In Experiments I and II, a total dose of 10.77 mg. of uniformly labeled 
C'-glucose (9.3 ¢.p.m.) was administered in ten intraperitoneal in- 
jections. The glucose was given at 8.00 a.m., 5.00 p.m., and 11.00 p.m. 
for 3 days and at 8.00 a.m. on the morning of the 4th day. The rats were 
killed by decapitation 3 to 4 hours after the last dose of glucose. A_por- 
tion of the liver was immediately removed for isolation of glycogen, and 
inositol was recovered from the remaining liver. The carcass, including 
all viscera, was minced in a meat grinder in Experiment I. In Experi- 
ment II the gut from esophagus to rectum was removed before grinding 
and discarded, to avoid measuring the inositol which might have been 
present in intestinal bacteria. 

The tissues were refluxed for 6 to 12 hours in 2 volumes of 6 N HCL. 
Aliquots were then taken and evaporated to an oily residue on a hot-plate. 
After dilution with water the pH was adjusted to 6 with KOH. The 
solution was then decolorized with Norit, and 0.2 ml. of saturated neutral 
lead acetate was added per gm. of tissue. After standing overnight in 
the refrigerator, the heavy white precipitate was separated by centrifuga- 
tion and the supernatant fluid decanted. The pH of the supernatant 
fluid was adjusted to 10 with NH,OH, and the precipitate which formed 
was collected by centrifugation. Two additional precipitates were ob- 
tained by the addition to the supernatant fluid of 0.4 ml. and then 0.2 ml. 
of saturated neutral lead acetate per gm. of original tissue. The three 
precipitates were combined and washed twice with 0.08 Nn NH,OH and 
once with 75 per cent ethyl alcohol. The inositol was eluted from the 
precipitate by washing twice, each time with 50 ml. of distilled water 
adjusted to pH 3 by the addition of H.SO,. After neutralization the 
solution was thoroughly desalted with 15 gm. of a mixed ion exchange 
resin, Deeminite.? 

In Experiment I the acid eluate from the basic lead precipitate from the 
carcass contained 10.6 mg. of inositol, and 0.5 mg. of inositol was similarly 
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isolated from the liver. 10 mg. of carrier inositol were added to each, and 
the inositol was crystallized from 90 per cent ethyl aleohol. The inositol 
from the carcass was recrystallized twice, and the final crystalline product 
was chromatographed in the solvent system with lutidine-water (65:35) 
(10). A test strip was cut from this chromatogram and sprayed with am- 
moniacal silver nitrate. After heating to 100°, one reducing spot appeared 
with the mobility of a standard inositol spot. After eluting this area from 
the chromatogram with water, 3.1 mg. of inositol were obtained. 

In Experiment II the acid eluate from the basic lead precipitate was 
applied to Whatman No. 2 paper over a 6 to 10 inch line and chromato- 
graphed in lutidine-water (65:35). Inositol was eluted from the paper 
with water. A number of samples of this material were rechromato- 
graphed. The inositol content of the various fractions was determined 
microbiologically (11). 

Glycogen was isolated from a sample of liver after hydrolysis in 30 per 
cent potassium hydroxide. Precipitation of the glycogen was carried out 
twice in 60 per cent ethyl alcohol. The glycogen was next brought into 
aqueous solution and the pH adjusted to 4.5 with dilute hydrochloric acid 
at 0°. Aleohol was added to a final concentration of 60 per cent, and the 
glycogen which precipitated was collected by centrifugation. <A final al- 
cohol precipitation at neutral pH was carried out before hydrolyzing the 
glycogen in | N hydrochloric acid for 3 hours. After neutralization and 
desalting with Deeminite, glucose was measured by reduction (12) and 
suitable aliquots were plated for measurement of radioactivity. 

Incorporation of C™ into Inositol by Chick Embryo—The incorporation of 
carbon from glucose, uniformly labeled with C™, into inositol of the chick 
embryo was studied in eggs which had a previous incubation period of 7 
days. 50 wl. of a solution containing 360 y of glucose (317,000 c.p.m.) 
were pipetted directly on the chorio-allantoic membrane of fourteen chick 
embryos. 64 hours later the embryos were collected, washed in cold 
Tyrode’s solution, and expressed through a syringe into absolute alcohol. 
The precipitate which formed was separated by centrifugation and washed 
twice with cold absolute alcohol. The alcohol extracts were pooled, and, 
after removal of the aleohol by evaporation, the inositol was isolated from 
the residue by the method described above. To 0.37 mg. of inositol so 
obtained, 5 mg. of carrier inositol were added, and the sample was chro- 
matographed twice with lutidine-water and once with acetone-water. The 
specific activity of the inositol eluted from the chromatograms was de- 
termined. 

Measurement of Radioactivity—The desalted inositol solutions were 
plated directly onto copper planchets in duplicate. In Experiment I be- 
tween 1.5 and 1.9 mg. of inositol were dried on the planchets; 0.2 to 0.4 
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mg. of inositol was plated for all other measurements. The area covered 
by the inositol averaged 0.8 sq. cm., and the time required for at least 
1000 counts per planchet was determined. The standard error of the 
difference between unknown and background rates (13) exceeded 9 per 
cent of the difference only with one sample (liver inositol, Table I). The 


TABLE I 


Incorporation of Carbon from Uniformly Labeled C''-Glucose into Inositol in Rats; 
Experiment I 


C.p.m. per mg. 


Carcass inositol | 


Crystallized 2 times | 65 
| 61 
Ohromatographed | 71 
Liver inositol | 
Crystallized 3 times | 156* 


Glycogen 124 


Total radioactivity injected, 9.7 10° e.p.m. 
* The radioactivity of this sample was low owing to dilution with carrier inositol. 
The standard error of counting was +42 ¢.p.m. per mg. 


TABLE II 
Concentration of Liver and Carcass Inositol in Rats on Normal and Deficient Diets; 
Experiment II 


Rat No. | Diet inositol | a, | Carcass inositol | Liver inositol | Fie 
| gm. | me. | | me. | | per cenl 
3 | | | ta | 42 2.4 4.0 
| 3.1 


28.6 


18.4 


observed counts were corrected for background, which in the case of our 
instrument was between 2 and 12 ¢.p.m. and for self-absorption by using 
the correction factors of windowless counters given by Calvin et al. (13). 


Results 


The rat used in Experiment I weighed 178 gm. At the time of sacrifice 
the carcass contained 32.4 mg. of inositol and the liver 6.9 per cent gly- 
cogen (on the basis of wet weight of liver). The radioactivity found in 
liver and carcass inositol and liver glycogen is presented in Table I. 
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The isolation of inositol without the addition of carrier was undertaken 
in Experiment II. The concentration of inositol in the carcass and liver 
of the rats eating a low inositol diet differed little from that of rats receiv- 
ing a liberal intake of inositol when expressed as mg. per 100 gm. of body 
weight (Table II). The specific activity of the liver inositol was higher 
in rats fed the low inositol diet (Table III). The opposite was true of 
carcass inositol. Repeated chromatography of several of the inositol sam- 
ples did not change the specific activity. 


TaBLeE III 

Specific Activity of Inositol after Incorporation of Carbon from Uniformly Labeled 
Experiment II 

The results are expressed as counts per minute per mg., corrected for self-absorp- 

tion. The values in parentheses were from samples chromatographed twice. 


Diet inositol. Low | Low | Normal | Normal 
1 | 2 3 4 
| 70 (83) | 18 | 31 (30) | 36 (32) 
Carcass inositol................| 23 | 26 41 (44) 68 (74) 


TaBLe IV 


Specific Activity of Inositol from Chick Embryos 64 Hours after Uniformly Labeled 
C'-Glucose Was Applied to Chorio-Allantoic Membrane 


Stage of purification | C.p.m. per mg. 
Chromatographed, lutidine-water system................... | 141 
Rechromatographed, lutidine-water system................. | 111 
Chromatographed, acetone-water system. .................. | 110 


The measurement of C'™ in inositol from chick embryos is presented in 
Table IV. Definite incorporation was found to occur. The radioactivity 
of this inositol was not significantly altered by repeated chromatography. 


DISCUSSION 


The conclusion that inositol is formed within the body of the rat de- 
pends on the radiopurity of the isolated inositol. The isolation procedure 
was adapted from Winter (14) and yields an initial product of considerable 
purity. Further purification has been achieved by recrystallization and 
paper chromatography. The following observations make it unlikely that 
the observed radioactivity could be due to contamination: (1) constant 
specific activity after recrystallization and chromatographic separation; 
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(2) absence of other spots on the paper chromatographs which reduce 
ammoniacal silver nitrate at 100°; (3) good agreement between the weight 
of the sample and the microbiologic assay; (4) the high specific activity 
of inositol compared to that of liver glycogen. 

In Experiment II, incorporation of glucose carbon into inositol was 
found under improved counting conditions. The liver inositol from rats 
on the low inositol diet had a higher specific activity than that from rats 
on a normal diet. It seems likely that on a normal inositol diet the liver 
inositol had been diluted by exogenous inositol. The possibility of an 
inhibition of synthesis also exists. 

The data do not permit a quantitative estimation of the amount of 
inositol synthesized during the period of study. The actual recovery of 
radioactivity in inositol is very small, amounting to less than 0.01 per cent. 
The importance of endogenous synthesis of inositol is suggested by the 
fact that the specific activity of inositol and that of liver glycogen were of 
the same order of magnitude. The fact that glucose was chosen as a 
carbon source for these studies does not imply that a direct conversion of 
glucose into inositol has been demonstrated. Although such a pathway 
has been suggested (15), there is no evidence in the present data to support 
such a mechanism. 

The location of inositol synthesis within the rat has also not been defi- 
nitely established by these experiments. The intraperitoneal route of ad- 
ministration and the exclusion of the intestinal contents in Experiment II 
would suggest that inositol synthesis had not been carried out by intestinal 
bacteria. The experiments in the chick embryo were performed in order 
that the synthesis of inositol might be demonstrated in another species in 
the absence of intestinal bacteria. The result obtained in the chick em- 
bryo provides collateral support for the conclusion that the C™ incorpo- 
rated into the inositol of the rat was not due to the action of intestinal 
bacteria. 


SUMMARY 


1. Glucose, uniformly labeled with C'™, has been administered intra- 
peritoneally to immature rats fed diets containing 0.08 and 1.8 mg. of 
inositol per gm. Inositol has been isolated from the liver and carcass and 
purified both by recrystallization and paper chromatography. 

2. Radioactivity was found in both liver and carcass inositol. The spe- 
cific activity of liver inositol was higher in rats on a low inositol intake 
than in rats on medium inositol intake. 

3. Radioactivity was found in inositol 64 hours after C-labeled glucose 
was applied to the chorio-allantoic membrane of chick embryos. 
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4. It is concluded that a mechanism exists for the endogenous synthesis 


of inositol in the immature rat and the chick embryo. 


The authors wish to thank Dr. Morris Friedkin of the Department of 


Pharmacology for advice and assistance in the measurement of radio- 
activity and for the extracts of chick embryos receiving C"-labeled glu- 


cose. 
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THE RADIOLYSIS OF AQUEOUS SOLUTIONS OF 
TYROSINE 


By J. ROWBOTTOM* 
(From the School of Chemistry, the University, Leeds, England) 


(Received for publication, August 16, 1954) 


Several studies have been made of the products of the radiolysis of 
simple aliphatic amino acids in aqueous solution (1-3). From aromatic 
amino acids, however, ammonia is the only reaction product which has so 
far been identified. Tyrosine was chosen for investigation not only for its 
intrinsic interest as an essential amino acid, but also because of its close 
relationship to the biologically important compounds 3 ,4-dihydroxyphen- 
ylalanine,' adrenaline, and thyroxine (with its precursor 3,5-diiodotyro- 
sine). The irradiation of tyrosine solutions in the presence of oxygen 
produces 3,4-dopa. Ammonia is formed by the radiolysis of aerated or 
deaerated tyrosine solutions. Tyramine and 2,4-dihydroxyphenylalanine 
appear to be absent. 


EXPERIMENTAL 


Materials—Water was distilled from dilute alkaline potassium perman- 
ganate with an efficient spray trap and a fused quartz condenser. Micro- 
biologically tested tyrosine was twice recrystallized from water and dried 
overnight at 50°. To make possible the irradiation of tyrosine solutions of 
high concentration the minimal amount of sulfuric acid was added to pro- 
duce the desired increase in the solubility of tyrosine. Sulfuric acid was 
analytical reagent grade. 

Irradiations—A General Electric Company maximar radiotherapy unit 
was used as the source of 220 kv. x-rays. The source of y-rays was a 60 
curie Co® bomb used in cancer therapy. The dose rates attained were 
390 r. per minute in 80 ml. of solution and 1286 r. per minute in 10 ml. 
These dose rate measurements were made with the ferrous sulfate dosim- 
eter by using a G? value of 20 (4). If the yield of this reaction is in fact 
15.6, as seems likely from more recent work (5), the yields quoted in this 
paper must be correspondingly reduced. 


* Present address, Kk. I. du Pont de Nemours and Company, Inc., Niagara Falls, 
New York. 

' Referred to hereafter as 3,4-dopa. 

> The G value or vield of a radiation-induced reaction is equal to the number of 
molecules (atoms, ions) destroyed or product molecules formed by 100 e.v. of energy 
absorbed. 
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The reaction vessels were of the conventional types used in irradiation 
studies and were cleaned with boiling nitric acid, steamed for } to 1 hour, 
and rinsed four times with water. Removal of air from the tyrosine solu- 
tions was accomplished by the admission of nitrogen, followed after several 
minutes by rapid evacuation. This cycle was repeated three times before 
the solution was introduced into the irradiation vessel and sealed off. 

Preparations—3 ,4-Dihydroxyphenyl-L-alanine was prepared from vel- 
vet bean (Stizolobium deeringanum, Bort.) as a white powder by the method 
of Sealock (6); 5.9 gm. were obtained from 270 gm. of velvet bean. Re- 
crystallized samples melted at 284°. 


CyHyOgN. Caleulated. C 54.8, H 5.6, N 7.1 
Found. 64.9, ** 5.8, 6.5 
—12.1° (c = 5.38% in HCl)3 


This agrees well with the value of Harington and Randall (7). As a 
further check on the purity of this sample, the ultraviolet spectrum of a 
solution of known concentration was measured. In agreement with re- 
ported values (8), Amax. Was found to be 280 to 281 my and log F,,x. was 
3.44 in H2SO, at pH 2. 

p-Hydroxyphenylpyruvic acid was prepared from p-hydroxy-a-acet- 
aminocinnamic acid (9), the latter compound having been synthesized 
from p-hydroxybenzaldehyde and acetylglycine (10). 

Methods of Analysis—Tyrosine was estimated by the microbiological 
method of Henderson and Snell (11) with Leuconostoc mesenteroides. Since 
hydrogen peroxide is formed by the irradiation of aqueous solutions con- 
taining oxygen, it was necessary to determine the effect of HO. on the 
tyrosine estimation. Concentrations of H2O2 up to at least 2 K 10M 
had no effect on bacterial growth. This concentration far exceeded the 
actual amount present in any assay. Tyramine and p-hydroxyphenyl- 
pyruvic acid, when present at a concentration equal to that of the tyrosine, 
do not influence bacterial response. 3,4-Dopa accelerates the production 
of lactic acid by the bacteria, but only when present in larger quantities 
than were found in any irradiated tyrosine solution; thus no correction for 
the presence of 3,4-dopa was necessary. 

Kosikowsky and Dahlberg (12) have shown that aliphatic acids may be 
quantitatively separated from an acidic tyrosine solution by a continuous 
ether extraction, while tyramine may be extracted from a solution contain- 
ing an excess of sodium carbonate. These observations were confirmed 
with solutions of p-hydroxyphenylpyruvic acid and tyramine hydrochlo- 
ride. The method was used to examine irradiated tyrosine solutions. 


3 By Dr. A. G. Long. 
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Millon’s colorimetric test for monohydroxyphenols, as modified by Ar- 
now (13), was used to estimate quantitatively such compounds as phenol, 
p-hydroxyphenylpyruvic acid, tyrosine, and tyramine when present singly 
in solution. 3,4-Dopa does not interfere in this test, except that it pro- 
duces a precipitate which may be centrifuged, the color yield remaining 
unaffected. 

3,4-Dopa was estimated colorimetrically by Arnow’s method (13). This 
involves the addition of a solution containing sodium nitrite and sodium 
molybdate to an acid solution of the o-dihydroxy compound to produce a 
yellow color. The solution becomes red on subsequent addition of alkali. 
For quantitative determinations it was found necessary to refine this test. 
The various solutions should be held at even temperature and the time 
intervals between the additions of the reagents standardized. It is con- 
venient to add the nitrite-molybdate solution immediately after the acidi- 
fication and then to add the alkali exactly 1 minute later. In this way re- 
producible results may be obtained with 3,4-dopa concentrations down 
to4 X 10-§ m in 4 cm. absorption cells. The presence of a large excess of 
tyrosine in this test reduces slightly the intensity of the color produced by 
a given concentration of 3,4-dopa. However, the effect is small, and a 
simple correction may be applied from measurements made on known mix- 
tures. i 
Ammonia, formed in irradiated tyrosine solutions, was isolated by the 
microdiffusion technique of Conway (14) and estimated by the Nessler 
method. 

For the colorimetric estimation of hydrogen peroxide the reaction with 
titanium sulfate was employed (15). Tyrosine does not interfere, but the 
presence of 3,4-dopa causes a slight enhancement of the color intensity; 
under the conditions used, the extinction coefficient for Ti- H2O2** was 721, 
but rose to 740 in the presence of equimolar amounts of 3,4-dopa. 

Chromatography—The products of the irradiation of aqueous tyrosine 
solutions were examined by several paper chromatographic methods. <A 
saturated solution of tyrosine in water (~0.05 gm. in 100 ml.) was irradi- 
ated with the Co® source until the solution had absorbed 10° r. The solu- 
tion was evaporated under vacuum, when the bulk of the residual tyrosine 
crystallized. Chromatograms of the filtrate were run in butanol-acetic 
acid-water by ascending and descending front methods and in phenol- 
water (in an HCl atmosphere). Authentic samples of tyrosine, 3 ,4-dopa, 
and 2,4-dopa‘ were used for comparison. Chromatograms were run for 
16 hours at 20° and the spots located by the ninhydrin reaction. 


* A sample of 2,4-dopa was provided by Dr. T. L. Sourkes of the Merck Institute 
for Therapeutic Research. 
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Results ex 
Spectra of Irradiated Tyrosine Solutions—Measurements were made of | bs 
the ultraviolet spectra of tyrosine solutions irradiated with 220 kv. x-rays} wi 
in the presence and in the absence of air. The solutions were initially 5.8 oP 
xX 10-°M in tyrosine. In agreement with the measurements (at a 10-fold 
higher tyrosine concentration) made by Proctor and Bhatia (16), extensive 
changes were observed (Fig. 1). The interpretation of these changes in 
the absorption spectra from the destruction of tyrosine and the formation 
of various products is not yet possible. 
Evidence for Formation of 3,4-Dopa—In preliminary experiments, ir- 
radiated solutions of tyrosine saturated with air were shown, by Arnow’s 
test, to contain an o-dihydroxy compound, probably 3,4-dopa. The spec- 
trum of the colored derivative formed in this test coincided with that of the 
derivative formed from a sample of 3,4-dopa at wave-lengths from 480 to 
600 mu. At lower wave-lengths, however, the divergence was appreciable. 
Chromatographic analysis of irradiated tyrosine solutions provided evi- 
dence for the presence of 3,4-dopa and for the absence of 2,4-dopa. Table 
I contains the results of a typical chromatogram in butanol-acetic acid- 
H:.O. The separation of the isomeric dihydroxy compounds is less marked 
in the phenol-H2O system. This is confirmed by Lambooy (17). for 
OH OH 
OH 
As 
| 
CH: CH, 
COOH COOH Ne 
An attempt has been made to isolate a pure sample of 3,4-dopa, via the Ty 
lead salt, from an irradiated, oxygen-saturated tyrosine solution. An r 
aqueous suspension of the lead salt was treated with H.S, centrifuged, and 
the filtrate evaporated to dryness in a vacuum desiccator (cf. Raper (18, fro 
19)). The bulk of the yellow-brown product (~2 mg.) was dissolved in jus 
0.01 nN H.SO, and its ultraviolet spectrum measured. The absorption eq 
maximum at 280 to 281 my coincided exactly with that of 3,4-dopa (Fig. tre 
2), but at 250 and 300 my the absorption was not negligible, as it is with at 
the pure material. This background absorption, rising at shorter wave- hei 
lengths, suggested that the product contained an oxidized derivative of ing 
dopa, possibly a precursor of melanin or a melanin-type polymer (see for 3, 
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example Mason (8) for the spectra of melanins), and this view is supported 
by the color of the product. To eliminate this background absorption, so 
as to estimate the 3,4-dopa concentration in the product solution, the small 
optical density of the pure solution at 250 my and at 300 my was subtracted 


UNIRRADIATED 


IRRADIATED - 


OPTICAL DENSITY 


220 240 260 280 300 320 
Fig. 1. Spectra of tyrosine solutions (initially 5.85 & 10°° M) irradiated in air 
for various times. The dose rate of 220 kv. x-rays was 600 r. per minute. The opti- 
cal densities were measured in 1 em. cells. 


TABLE 


Ascending Front Chromatogram in Butanol-Acetic Acid-Water of Irradiated Tyrosine 
Solution and Various Known Mixtures 


Spot position, cm. from starting line 


Substances present 


| 

| Tyrosine | 2,4-Dopa 3,4-Dopa 
| 

| | 


| 
| 8.3 5.2 
| 8.2 4.9 
+ 2,4-dopa.......... | 8 5 6.9 5.0 
Tyrosine + 2,4-dopa + 3,4-dopa........ 8.6 6.8 5.3 


from that of the product solution at these wave-lengths. (This is strictly 
justified only if the concentrations of 3,4-dopa in the two solutions are 
equal, but, since absorption of the pure solution is so small, the error in- 
troduced is negligible.) By simple proportion the background absorption 
at the peak wave-length of 280 my was obtained and hence the true peak 
height and the dopa concentration. The latter was 6.52 X 10-5 mM, show- 
ing that the product from the separation procedure contained 40 per cent 
3,4-dopa. The concentration of the product solution was estimated, by 
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the colorimetric test, to be 6.54 K 10-5 mM. The excellent agreement of 
these two determinations provides good evidence that the product. solu- 
tion contained 3,4-dopa. Further, the entire spectrum of the derivative 


0: PRODUCT - 
> 0 
20: 
O- 
a, 


Fig. 2. Ultraviolet spectra of 3,4-dopa (9.7 X 10-5 Mo) and of the product separated 
from a solution of tyrosine irradiated in air. To inhibit aerial oxidation of the solu- 
tions they were made up in 10°? N H.SO,. The optical densities were measured in 1 
em. cells. 


TABLE II 
Irradiation Yields 
| Yield, molecules per 100 e.v. absorbed 
Tyrosine H2SO4 e.v. per ml. Total dose, e.v. 
concentration concentration | per x per mi. X Tyrosine | roducts 
e- 
stroyed | HO: | NH; | 3,4-Dopa 
55X10 | 5X 10% | 2.07 | 80.3 1.5 | 
49X10 | 5X10% 2.07 6.15 X 10? 1.9 0.75 | 0.35 | 0.027 
5.1 10°4* 5xX10°%% £2.07 6.15 10? | 2.3 | 2.9 | 0.1 0.75 
7.0 10°% 8x 103% | 7.48 | 2.12 10° | | 
0.13 0.4 | 7.48 284% | 2.6 | 0.65 
0.14 0.4 7.48 | 0.73 
0.15 | 0.4 | | 5.7 | | | 


1.34 108 


* Aerated. 


formed in the colorimetric test agreed with that formed by an authentic 
solution of 3,4-dopa. 

Millon’s Test—The rate of formation as well as the extinction coefficient 
of the colored derivative formed by a phenolic compound depends on the 
remainder of the molecule. Under the conditions used, the extinction co- 
efficient for tyrosine was 3.25 X 10° and for phenol, 1.43 X 10%. For p- 
hydroxyphenylpyruvic acid the extinction coefficient was equal to that for 
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tyrosine and tyramine to within the experimental error of +2 per cent. 
This confirms an observation by Knox and LeMay-Knox (20) and is not 
surprising, for the two compounds differ only at a point remote from the 
phenolic group. The color formation in Millon’s test is slower by a factor 
of about 10 with the keto acid than with tyrosine. These experiments 
indicate that the Millon test may not be used to estimate the total concen- 
tration of tyrosine plus p-hydroxyphenylpyruvie acid in irradiated tyrosine 
solutions. Nevertheless, it was noticeable that the color formation and 
disappearance in a Maillon test on irradiated tyrosine solution was slower 
by a factor of about 2 than with tyrosine alone, indicating the presence in 
the former of some other hydroxy compounds. 

Ether Extractions—By use of the technique outlined earlier it was shown 
that irradiated tyrosine solutions contained little, if any, tyramine, but 
did contain small amounts of a substance which is extractable from the 
acidified solution and which slowly forms a color in Millon’s test; possibly 
this is p-hydroxyphenylpyruvie acid. 

Yields—In Table II are collected the decomposition yields for tyrosine 
solutions of various concentrations, together with the yields for the forma- 
tion of some products. In each experiment not more than 10 per cent of 
the tyrosine was destroyed. 

Radiation After Effects—As may be seen from Fig. 1, the ultraviolet 
spectrum of an irradiated aerated tyrosine solution continues to change 
after the solution has been removed from the x-ray field. Deaerated solu- 
tions also show an after effect, the absorption increasing at all wave-lengths. 

Direct experiment gave evidence that tyrosine is not destroyed in dilute 
solution by (10°? M) at pH 2. 3,4-Dopa, however, is slowly destroyed 
under these conditions. This change is accompanied by increased light 
absorption of the solution at all wave-lengths, after allowing for the de- 
struction of 

On the other hand, the 3,4-dopa concentration, as measured by the col- 
orimetric test, in irradiated aerated tyrosine solutions increases after the 
cessation of irradiation. 


DISCUSSION 


There is much evidence that the irradiation of water leads to the forma- 
tion of OH radicals. These radicals, formed in this way or from Fenton’s 
reagent, are known to hydroxylate aromatic rings. Raper (21) has shown 
that tyrosine is converted to 3,4-dopa by the action of Fenton’s reagent; 
hence it is not surprising that the same product is formed by ionizing radia- 
tion. In several quantitative experiments on dopa formation, approxi- 
mately one-third of the tyrosine destroyed in the irradiation was converted 
to3,4-dopa. Arnow (22) studied the photochemical conversion of tyrosine 
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to 3,4-dopa and found an efficiency of about 30 per cent, using the non- 
specific Millon test to measure the tyrosine concentration. 

The formation of 3,4-dopa in the radiolysis of aerated tyrosine solutions 
is interesting in that the former is converted to melanin precursors by very 
mild oxidation. Such oxidation products of 3,4-dopa are probably re- 
sponsible for the yellow color resulting from prolonged irradiation of tyro- 
sine solutions. The further oxidation of 3 ,4-dopa to some product or prod- 
ucts for which no analytical method was available made impossible the 
establishment of a material balance in the radiolysis. 

Earlier work on the radiolysis of aqueous solutions of tyrosine indicated 
that deamination takes place (23, 24). The destruction of tyrosine was 
measured (24-26) by the Millon and by the Folin colorimetric tests and 
was found to be greater than the corresponding liberation of ammonia. 
The non-equivalence of the ammonia liberated and the tyrosine destroyed 
is confirmed by use of the microbiological estimation of tyrosine (Table I1). 

Proctor and Bhatia (27), who also used a microbiological assay for tyro- 
sine estimation, found that the ionic yields for tyrosine destruction were 
much higher than those measured by previous workers using colorimetric 
tests. They found the yield in a 5.6 X 10-* M tyrosine solution (in HCI) 
to be 7.4. Although the present work supports yields higher than those 
reported in older work, the very high values measured by Proctor and 
Bhatia were not confirmed. 


SUMMARY 


The products of the irradiation of aqueous solutions of tyrosine have 
been investigated. Ammonia and 3,4-dopa are formed. Tyramine and 
2,4-dopa are produced in negligible amounts, if at all. There are indica- 
tions that p-hydroxyphenylpyruvie acid may be formed and that dopa suf- 
fers further oxidation to some colored derivative. 

The yields for tyrosine destruction and for the formation of some prod- 
ucts have been measured in solutions of various concentrations. 


The author wishes to express his thanks to Professor F. 8S. Dainton for 
helpful discussions and to Professor F. W. Spiers for making available the 
irradiation facilities of his department. This work was carried out while 
the author was J. W. Wootton Fellow of the British Empire Cancer Cam- 
paign. 
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THE AMOUNTS OF GLYCEROPHOSPHORYL ESTERS IN SOME 
TISSUES* 
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(Received for publication, August 3, 1954) 


The occurrence of acid-soluble diesters of phosphoric acid, such as 
L-a-glycerylphosphorylcholine (L-a-GPC) (1) and L-a-glycerylphosphoryl- 
ethanolamine (L-a-GPE) (2, 3), in mammalian tissues has been demon- 
strated in several investigations. Schmidt et al. (4) developed a procedure 
for the quantitative determination of GPC which is mainly based on the 
lability of the choline ester bond of GPC against acids. In the present 
paper, a method for the quantitative determination of the total fraction 
of the acid-soluble P esters of glycerophosphoric acid will be described, 
which is based on phosphorus determination and appears to be adaptable 
to tissue analysis and to incorporation experiments with labeled phos- 
phorus compounds. 


Materials and Methods 


L-a-Glycerylphosphorylcholine and L-a-glycerylphosphorylethanolamine 
were prepared according to procedures described in investigations from 
this laboratory (1,5). A sample of pure synthetic L-a-glycerylphosphoryl- 
choline was kindly given us by Dr. Erich Baer of the Banting Institute, 
Toronto. 

Pancreas ribonuclease I was twice recrystallized from a sample purchased 
from the Armour Laboratories. “Acid” prostatic and “alkaline”’ intestinal 
phosphatases were purified according to slightly modified procedures of 
Schmidt et al. (6, 7). Phosphate was determined by the method of Fiske 
and Subbarow (8), if necessary, after preliminary isolation as calcium 


* This study was aided by grants from the American Cancer Society, the United 
States Public Health Service, the Rockefeller Foundation, the Godfrey H. Hyams 
Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 

+ A part of the data reported in this paper was taken from a thesis submitted by 
Lowell M. Greenbaum to the Graduate School of Tufts College, Medford, Massachu- 
setts, in partial fulfilment of the requirements for the degree of Doctor of Philosophy, 
September, 1953. 

t French Exchange Visitor; Smith-Mundt Foundation. 
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phosphate according to Delory (9). The latter procedure was employed 
especially for phosphate determinations on autolyzed tissues. 

Ammonia was determined by distillation at pH 9.5 under reduced pres- 
sure into a measured volume of a 0.01 N sulfuric acid solution. Subse- 
quently the solution was titrated with a 0.01 N solution of sodium hydrox- 
ide. Ethanolamine and serine were determined according to Artom (10). 


EXPERIMENTAL 
Procedure for Determination of Glycerophosphoryl Esters in Tissues 


Principle—The esters of glycerophosphoric acid occurring in tissues are 
completely resistant to prostatic phosphatase as well as to purified intes- 
tinal phosphatase, but they are quantitatively hydrolyzed to mixtures of 
a- and £§-glycerophosphoric acids and the corresponding alcohols by Nn 
hydrochloric acid in a boiling water bath during 20 minutes. Since many 
monoesters of phosphoric acid, including the glycerophosphates, are 
quantitatively hydrolyzed by prostatic or intestinal phosphatases, acid 
hydrolysis of glycerophosphory] esters and subsequent incubation of the 
hydrolysate with one of these phosphatases result in the quantitative 
liberation of the phosphoryl] groups as inorganic phosphoric acid. Hence, 
when mixtures of glycerophosphoryl esters and of phosphatase-labile 
phosphomonoesters are incubated, for example with acid prostatic phos- 
phatase with and without preceding acid hydrolysis, respectively, the 
difference between the orthophosphate values represents the amounts of 
glycerophosphoryl ester phosphorus. ‘Tissue filtrates present more com- 
plex conditions, because they might contain phosphate compounds such 
as pyrophosphates and oligonucleotides which resemble the  glycero- 
phosphory] esters in some of their hydrolysis properties. _Pyrophosphates 
are only very slowly hydrolyzed by prostatic or intestinal phosphatases; 
oligonucleotides are completely hydrolyzed by intestinal phosphatase, but 
only their terminal secondary phosphoryl! groups are hydrolyzed by pros- 
tatic phosphatase. Both, the pyrophosphates and the oligonucleotides, 
however, are completely dephosphorylated by a short hydrolysis in N 
hydrochloric acid and by a subsequent incubation of the hydrolysate with 
prostatic or intestinal phosphatase under suitable conditions. 

Other interfering tissue constituents are certain monoesters of phosphoric 
acid, such as the phosphoglycerates and the hexose-6-phosphates, which 
are only very slowly hydrolyzed by prostatic phosphatase although they 
are rapidly converted to inorganic phosphate by intestinal phosphatase. 

These phosphorus compounds can be removed from the tissue filtrates 
by precipitation with copper sulfate and calcium hydroxide (11) and with 
mercuric acetate. The glycerophosphory! esters remain quantitatively in 
the final supernatant solution. 
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Preparation of Purified Tissue Filtrates—In planning the purification of 
the tissue filtrates, consideration must be given to the fact that no precipi- 
tation step for the isolation of the glycerophosphoryl ester fraction can be 
devised. Addition of unnecessary quantities of reagents, in particular of 
salts, must therefore be avoided. 

Fresh tissues are frozen in liquid nitrogen and transferred to weighed 
Erlenmeyer flasks containing 3 ml. of a 4 per cent solution of hydrochloric 
acid for each gm. of tissue. After determination of the weight, the sus- 
pensions are deproteinized by adding 3 ml. of a 5 per cent solution of 
mercuric chloride for each gm. of tissue. A large aliquot of the filtrate is 
freed from mercuric ions by a stream of hydrogen sulfide and from the 
latter by aeration. The filtrate from the mercurous sulfide is shaken with 
solid silver carbonate until the pH has reached approximately the value of 
3. The technique just described is often unsuccessful when applied to 
liver samples with a high content of glycogen, owing to the colloidal nature 
of the mercurous sulfide precipitates. In such cases, the tissues are fixed 
by suspending them in 3 volumes of 0.2 N acetic acid. After weighing, 
the pH of the suspensions is adjusted to approximately 5 with a solution 
of sodium hydroxide, and the suspensions are heated at 90° for 10 minutes. 
The suspensions are brought to a measured volume and filtered over a 
Biichner funnel. Subsequent treatment with the heavy metal reagents 
used in the procedure (see below) results in the complete deproteinization 
of the filtrates. 

An aliquot of the crude tissue filtrate is mixed with measured volumes 
of a 10 per cent solution of copper sulfate and of a 10 per cent suspension 
of calcium hydroxide (prepared in the laboratory from unslaked lime). 
For most tissues, amounts of each reagent corresponding to one-tenth of 
the filtrate volume are sufficient for the removal of all reducing substances. 
Liver filtrates require addition of 0.3 volume of each of the two reagents, 
sometimes addition of even larger amounts. 

The blue precipitate is centrifuged after the suspension has stood in the 
refrigerator for 15 minutes. <A large aliquot of the supernatant fluid is 
brought to pH 4.5 with a measured volume of a 10 per cent solution of 
oxalic acid. An excess of the latter should be avoided, but small amounts 
of calcium ions do not interfere with the procedure. The supernatant 
solution is freed from copper ions by a stream of hydrogen sulfide, and the 
aerated suspension of the cuprous sulfide is filtered. 

This filtrate is free of phosphatase-resistant phosphomonoesters, but 
contains in some instances appreciable amounts of oligonucleotides, for 
example in experiments on autolyzed pancreas. These contaminations 
can be eliminated by precipitation with a measured excess of a 20 per cent 
solution of mercuric acetate. The volume of the added solution of this 
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reagent ranges between one-fifth and one-half of the aliquot of the filtrate. 
The precipitate is centrifuged, and the supernatant solution is treated 
with hydrogen sulfide. The aerated suspension of the mercurous sulfide 
is filtered. 

Analysis of Purified Tissue Filtrate—A small aliquot of the filtrate from 
the mercurous sulfide is set aside for the determination of the total phos- 
phorus. 

A large aliquot of the purified tissue filtrate is mixed with exactly 0.25 


volume of 5 N hydrochloric acid. ‘Two equal aliquots of this mixture are — 


used for the digestion with phosphatase before (Sample B) and _ after 
(Sample C) acid hydrolysis. Sample B is neutralized immediately in an 
ice bath to pH 5.5 (+0.2) (indicator paper) by dropwise addition of 5 x 
and finally of 1 N sodium hydroxide. Sample C is refluxed for 20 minutes 
and neutralized subsequently to pH 5.5 (40.2). Both samples are diluted 
with at least 2 volumes of water to a measured volume. Aliquots of both 
samples containing between 0.1 and 1 mg. of total phosphorus are incu- 
bated with approximately 300 units of purified prostatic phosphatase 
(corresponding to 1 ml. of crude gland extract (1:5)) for 3 hours at 37°. 
The amounts of inorganic phosphorus are determined in both samples. 

Purified intestinal phosphatase (300 units) can be used instead of pros- 
tatic phosphatase. In this case, the solutions are brought to pH 9 prior 
to enzymatic digestion. Glycine-, Veronal-, or ammonium acetate-buffer 
mixtures at approximately 0.1 final molarity may be used for the main- 
tenance of the pH. If intestinal phosphatase is chosen for the special 
purpose of eliminating oligonucleotides, the digestion period prior to the 
acid hydrolysis (Sample B) is extended to 15 hours. The glycerophos- 
phoryl esters are stable under these conditions. 

The difference between the amounts of inorganic phosphorus in the 
phosphatase digests of Samples C and B, respectively, represents the 
phosphorus of the glycerophosphory] esters. 


Tests Supporting Validity of Procedure 


Recovery Experiments with L-a-GPC and with L-a-GPE—Equimolar 
mixtures of pure L-a-GPC and of pure L-e-GPE, which were added in 
amounts of 10 mg. to crude filtrates of 4 gm. of muscle and liver tissues, 
were recovered in yields of 100 and 96 per cent, respectively. 

Removal of Phosphatase-Resistant Contaminants by Purification Steps— 
In all the experiments, the sum of the glycerophosphory] ester phosphorus 
and of the phosphatase-labile phosphorus of the purified tissue filtrates 
agreed closely with the amount of their total phosphorus. This behavior 
holds true even for striated muscle, whose acid-soluble phosphorus fraction 
consists largely of phosphatase-resistant compounds other than glycero- 
phosphoryl esters. 
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Removal of Oligonucleotides by Purification Steps—The absence of signifi- 
eant amounts of oligonucleotides from purified tissue filtrates was demon- 
strated by the results of experiments in which digests of such filtrates with 
crystalline ribonuclease and with prostatic phosphatase were hydrolyzed 
in 2 N hydrochloric acid at 100° for 1 hour. Under these conditions, the 
total amount of the phosphorus of the oligoribonucleotides and at least an 
amount of phosphorus equimolecular to the purine groups of the oligode- 
oxyribonucleotides are converted to inorganic phosphoric acid. Table II 


TAaBLe I 


GP ester P per 100 gm. moist tissue 


Tissue in 
GP ester P 
Total GP ester P | GPC 
me. me. 

Lamb liver............ 36.2 21.6 0.59 

36.0 | 23.9 | 0.66 
| 37.8 | 19.7 | 0.52 
al 20.9 | 17.5 | 0.84 

| 12.8 | 3.6 | 0.28 
SS | 5.4 | | 
| 14.4 6.5 | 0.45 


reports the results of such experiments on autolyzed pancreas which 
contains considerable quantities of oligonucleotides owing to the presence 
of its powerful nucleases. It can be seen that the hydrolysis of the puri- 
fied pancreas filtrates with ribonuclease before and with acid after their 
digestion with phosphatase did not result in any significant additional 
formation of inorganic phosphate. 


Amounts of Glycerophosphoryl Esters in Some Fresh and Autolyzed Tissues 


The data of Table I show that the glycerophosphoryl ester fraction 
accounts for considerable portions of the total acid-soluble phosphorus 
fraction of the livers of lamb, calf, pig, rabbit, and dog. In the livers of 
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the first four species, the concentration of the GPC phosphorus was 45 to wer 
66 per cent and in dog liver 84 per cent of that of the total glycerophos- | solu 
phoryl ester phosphorus. In livers of weanling and adult rats, the con- Nat 
centration of the total glycerophosphoryl ester fraction was much smaller, 
ranging between 8 and 10 mg. per 100 gm. of the moist tissue. Livers of 
laying hens contained only small amounts of glycerophosphoryl esters. 5 
This is of interest in view of the intense phospholipide formation which pho 
must be assumed to occur in the organism of the laying bird. 
TaBLe II 
Glycerophosphoryl Ester Content of Some Fresh and Autolyzed Tissues oe 
P per 100 gm. moist tissue 
GP ester P GPC P Oligonucleotide P 
meg. me. me. —- 
Beef pancreas, fresh 10.6 9.7 0 Am 
autolyzed* 55.6 35.8 1.2 ti 
fresh 18.9 11.0 0) — 
ng as autolyzed* 41.0 28.8 0 Seri 
Rat intestine, fresh Negligible Negligible — 
autolyzedt 31.4 21.9 
Lamb liver, fresh 35.6 
 autolyzed at pH 5.5* 34.2 
* Incubation for 3 hours at 37° in a shaker; 2 ml. of water per gm. of tissue. eae 
t Incubation for 3 hours at 37° in a shaker; 2 ml. of 0.15 N sodium acetate buffer 
(pH 5.5) per gm. of tissue. 7. 
t Incubation for 3 hours at 37° in a shaker; 2 ml. of 1.5 per cent sodium bicar- 
bonate per gm. of tissue. 
Skeletal muscle and heart contained only negligible quantities of glycero- | pot 
phosphoryl esters. pot 
Table II shows the influence of autolysis on the amount of glycerophos- filt 
phoryl esters in some tissues. Considerable increase of this fraction was Th 
observed during the autolysis of beef pancreas and of rat intestine. This sod 
was expected on the basis of earlier observations on the formation of GPC by 
in these tissues (1, 4). The amounts of total glycerophosphoryl] esters un¢ 
considerably exceeded that of GPC in all experiments. This observation Fre 
indicates the formation of glycerophosphoryl esters during the enzymatic see 
cleavage of the cephalins. for 
In contrast to the behavior of beef pancreas and of rat intestine, no chl 
significant changes of the concentration of the glycerophosphoryl] esters | ero 


id 
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were observed during the autolysis of lamb liver in water (pH 5.5) or in a 
solution of 1 per cent sodium bicarbonate (pH 8.3). 


Nature of Non-GPC Portion of Glycerophosphoryl Ester Fraction of Lamb 
Liver 


Since it was probable that the excess of the total amount of glycero- 
phosphoryl esters over that of GPC consisted of the corresponding com- 


TABLE III 


Influence of Acid Hydrolysis and Periodate Oxidation on Ammonia Content 
of Purified Liver Filtrates 


Treatment of tissue filtrates 


Amount of nitrogen fraction : _—~ | Acid Periodate 
None | oxidation hydrolysis ‘hydrolysis 
A | B | Cc D 
Ammonia per 100 gm. moist | | | 


Serine + ethanolamine liberated by acid hydrolysis, D — C — (B — A) = 0.57 mmole 


TaBLeE IV 


Amount of Total GP Esters, of GPC, and of Sum of GP Esters of Vicinal 
Amino Alcohols in Lamb Liver 


Millimoles per 100 gm. of moist tissue. 


Total GP esters | GPC _ GP esters of vicinal amino alcohols 
1.12 | 0.54 | 0.57 
1.21 | 0.55 | 0.62 


pounds of ethanolamine and serine, the sum of these hydroxyamino com- 
pounds was determined according to Artom (10) in the purified tissue 
filtrates before and after a 20 minute hydrolysis in N hydrochloric acid. 
The ammonia values obtained after the oxidation of the hydrolysates with 
sodium periodate were corrected for ammonia formation from acid amides 
by subtracting the amount of ammonia formed after acid hydrolysis 
under identical conditions without the subsequent oxidation with periodate. 
From the results of such determinations, presented in Table ITI, it can be 
seen that the sum of the equivalents of choline, ethanolamine, and serine 
formed by a 20 minute hydrolysis of the purified liver filtrates in N hydro- 
chloric acid agrees closely with the molar concentration of the total glyc- 
erophosphory! esters (Table IV). 
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DISCUSSION 


The method described for the determination of the glycerophosphoryl 
ester fraction is essentially a hydrolysis method based on phosphorus 
determination. The hydrolysis properties of this fraction, 7.e. its resis- 
tance toward phosphomonoesterase, its rapid transformation into phos- 
phatase-susceptible esters by acid hydrolysis, and its failure to yield any 
inorganic phosphoric acid by acid hydrolysis alone, are a pattern of charac- 
teristic features which is duplicated by only a small number of other known 
biological phosphorus compounds. According to the evidence reported in 
this paper, these compounds can be quantitatively separated from the 
glycerophosphory] ester fraction by simple purification steps. The method 
as described in this paper can be applied to enzyme experiments without 
difficulty, even in systems containing relatively large amounts of adeno- 
sinetriphosphate, sugar phosphates, or other similar metabolites. 

In the interpretation of the phosphorus figures obtained by the use of 
the procedure in tissue analysis, the possibility must be considered that 
unknown phosphorus compounds with hydrolysis properties resembling 
those of the glycerophosphoryl esters may occur in tissues. This is an 
objection which applies not only to the method presented in this paper, 
but to the great majority of procedures used in quantitative tissue analysis. 
The availability of an independent method for the purpose of ascertaining 
the interpretation of the phosphorus values obtained by the procedure 
presented in this paper would certainly be desirable. Experiments con- 
cerning the determination of the glycerol moiety of the glycerylphosphoryl 
ester fraction are at present in course in this laboratory. 

So far, no experiments have been carried out regarding the use of the 
procedure for the study of the incorporation of labeled phosphorus into 
the glycerophosphory! ester fraction. Such investigations are desirable 
in view of the structural relation of these esters to the phospholipides. 
The surprisingly high concentration of these esters in fresh livers of many 
mammalian species (Table I) suggests an important metabolic réle of these 
esters in spite of the fact that the observations of Kornberg and Pricer 
(12) and of Kennedy (13) indicate a mechanism of phospholipide biosyn- 
thesis in liver pathways involving intermediaries other than acid-soluble 
glycerophosphory!] esters. 

The possibility of adapting the procedure presented to incorporation 
experiments with P*? appears promising. The glycerophosphory] ester 
phosphorus is ultimately obtained in the form of inorganic phosphate 
released from glycerophosphates by the action of phosphatase. This 
permits the thorough elimination of contaminating phosphorus compounds 
prior to the final hydrolysis steps, as well as tests of the purity of the 


gl 
ac 
est 
in 
he 
ca 
be 
su 
po 
2. 
4, 
5. 
6. 
10. 
ll. 
12. 
13. 


SCHMIDT, GREENBAUM, FALLOT, WALKER, THANNHAUSER 895 


glycerophosphate fraction used for the determination of the specific radio- 
activity. 
SUMMARY 


1. A procedure for the quantitative determination of glycerophosphory] 
esters has been described. 

2. Considerable concentrations of glycerophosphoryl esters were found 
in fresh livers of lamb, beef, rabbit, and dog. Livers of rats and of laying 
hens contain only small amounts of these compounds. 

3. Autolysis of lamb liver homogenates is not accompanied by signifi- 
cant changes of the amounts of glycerophosphoryl esters. Autolysis of 
beef pancreas or of the mucosa of the small intestines of the rat under 
suitable conditions results in large increases of the amounts of these com- 
pounds in the digests. 
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METABOLIC STUDIES OF PRECURSORS OF PYRIDINE 
NUCLEOTIDES* 
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H. C. KUNG, L. G. ALEJO,§ W. A. EVERHART, OLIVER H. LOWRY,+ 
C. G. KING, OTTO A. BESSEY| 


(From the Department of Chemistry, Columbia University, and The Public Health 
Research Institute of The City of New York, New York, New York) 


(Received for publication, August 23, 1954) 


There is increasing awareness of the importance of pyridine nucleotides 
(DPN and TPN) in metabolic functions and of the desirability of an 
abundant nutritional supply of the precursors of these substances. Nu- 
merous studies have demonstrated the conversion of dietary tryptophan to 
nicotinic acid and have shown that both nicotinic acid and tryptophan may 
function as precursors of DPN in tissues (1-4) and in blood (5-8). In order 
to apply this information to the measurement of nutritional status, it is 
necessary to ascertain which biochemical changes occur most rapidly and 
to the greatest extent during an inadequate intake of nicotinic acid or 
tryptophan; 7.e., whether it is the urinary excretion or blood or serum levels 
of nicotinic acid derivatives or metabolites which furnish the most reliable 
indication of tissue changes. In order to facilitate the study of niacin 
nutrition in small animals and man, microchemical methods have been 
evolved for measuring pyridine nucleotides in small quantities of whole 
blood, red blood cells, white blood cells plus platelets, and in liver tissue, 
and for N'-methylnicotinamide (NMeN) in serum. These methods have 
been used to determine the interrelationships among the levels of these 
derivatives in the blood cells, blood, serum, liver, and urine of rats during 
niacin deficiency and following the ingestion of nicotinic acid, nicotinic 
acid amide, 3-(hydroxymethyl)pyridine tartrate, and tryptophan. They 
have also been used to determine blood values in well nourished human 
beings. The methods have possible application in more general studies on 


* Supported by research grants from the Nutrition Foundation, Ine., New York, 
and Hoffmann-La Roche, Inc., Nutley, New Jersey. <A preliminary report of the 
analytical methods to be described has been given (Burch, H. B., Federation Proc., 
11, 192 (1952)). 
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| Present address, Department of Biochemistry and Nutrition, School of Medi- 
cine, University of Texas, Galveston, Texas. 
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human beings and on rats in studying not only niacin nutrition but also 
protein quality with regard to tryptophan. 


EXPERIMENTAL 
Measurement of Pyridine Nucleotides and N'-Methylnicotinamide 


Principle—The methods depend upon the fact that DPN and related 
substances, containing a quaternary nitrogen in the pyridine ring, react 
with ketones in alkali to form compounds which show strong stable fluores- 
cence in acid (9)... Methyl ethyl ketone, which is less volatile than acetone, 
forms compounds of similar characteristics which have approximately twice 
the fluorescence. Reaction with this ketone has therefore been used as 
the basis for the analytical measurements. All pyridino compounds are 
included in the analyses on blood cells and liver, and they are calculated 
as DPN. In serum the pyridino compound is chiefly N'-methylnicotin- 
amide and is reported as such. 

Reagents and Apparatus—Precautions to avoid contaminating fluores- 
cent materials from reagents and glassware have been previously de- 
scribed (10, 11). 

(1) Trichloroacetic acid (TCA) 5, 10, and 7 per cent prepared from glass- 
redistilled acid. (2) Methyl ethyl! ketone, boiling range 70—80°, refraction- 
ated in all-glass equipment and tested for low fluorescence. (3) NaOH, 
1 x, prepared from a saturated solution. (4) HCI,0.17 x. (5) DPN (Sigma 
“Q0’’) stock standard, 8 mg. per ml. in water. Each standard solution is 
assayed by the KCN method of Colowick ef al. (12). A convenient. work- 
ing standard, 25 y per ml., is used. The solutions can be stored frozen for 
several weeks. (6) N'-Methylnicotinamide,' stock standard, 1 mg. per ml., 
in water. A convenient working standard, 2 y per ml., is used for serum. 
(7) Farrand fluorometer with the filters used for thiamine measurement 
(13).2 (8) Constriction pipettes, 20, 25, 100 ul. calibrated to deliver and 
a 20 ul. pipette calibrated to contain. (9) Pipettes, other equipment, and 
reagents described for phosphate analysis in white blood cells (14, 15). 


Procedure 


Determination of DPN in Whole Blood—25 ul. of blood collected directly 
into a constriction pipette are delivered into 1 ml. of 5 per cent TCA with 
prompt, vigorous mixing to prevent clumping. Oxalated or heparinized 
blood is less satisfactory, due to the danger of hemolysis and consequent 
destruction of DPN by the DPNase of the red cell. After 20 minutes at 


1 This compound was kindly supplied by Hoffmann-La Roche, Ine., and by Merck 
and Company, Ince. 
? Farrand Optical Company, Inec., Bronx Boulevard at 238th Street, New York. 
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room temperature, the sample is centrifuged and 25 yl. aliquots of the super- 
natant fluid are delivered into calibrated fluorometer tubes. ‘To each tube, 
25 ul. of methyl ethyl ketone are added. After vigorous mixing, and before 
separation of the two phases, 100 ul. of 1 N NaOH are added, followed by 
immediate and thorough mixing. After 6 minutes, 1 ml. of 0.17 N HCl is 
added, which brings the pH to 1.8. The acidified samples are heated in 
boiling water for 3 minutes, cooled exactly to room temperature, wiped 
clean, and the fluorescence is read. Complete blanks and appropriate 
standard DPN solutions are treated in an identical manner with each set 
of determinations. ‘Therefore, all pipette volumes except the first one 
cancel out, and 


DPN in standard R — BI. 
ml. blood in sample —— Reta. — BI. 


DPN per ml. blood = 


R, Bl., and Reta, are the respective fluorescence readings of the sample, 
blank, and standard. 

Since the DPN content of the whole blood depends primarily on that in 
red cells, this analysis is accompanied by a hematocrit determination from 
which the red cell concentration is calculated. 

When human and rat blood filtrates were treated with a specific diphos- 
phopyridine nucleotidase from Neurospora (16), 85 to 90 per cent of the 
fluorescence obtained in the analytical reaction was abolished. This en- 
zyme splits the nucleoside bond which is necessary for the fluorescence 
reaction. Thus most of the fluorescence measured is actually due to 
DPN. The authors wish to thank Dr. Sidney P. Colowick for his gener- 
osity in supplying the enzyme and his advice concerning its use. 

Direct Analysis of Red and White Blood Cells—Samples of red blood cells 
and of white blood cells plus platelets are conveniently prepared as pre- 
viously described (10). The cell suspensions are kept at 0° during the 
isolation period to minimize enzyme activity. Each aliquot of rat red cells, 
measured in a pipette calibrated to contain 20 ul., is rinsed into 1 ml. of 
0.85 per cent NaCl. After mixing, 3 ml. of 7 per cent trichloroacetic acid 
are added and the filtrate is treated as described for whole blood. Human 
red cells, which are lower in DPN, are suspended in 1 ml. of saline, and 1 
ml. of 10 per cent trichloroacetic acid is added. 

White blood cells plus platelets are isolated from 0.2 ml. of blood. To 
each sample are added 30 ul. of 0.85 per cent NaCl with “buzzing” to dis- 
perse the cells, and this is followed by 30 ul. of 10 per cent TCA. After 
centrifuging, 45 wl. of the supernatant fluid are removed, 45 ul. of methyl 
ethyl ketone are added, and the aliquot is analyzed as detailed for whole 
blood. The remaining fluid is removed, the white cell precipitate is washed 
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with 0.1 ml. of 5 per cent TCA, and the acid-insoluble phosphate is de- 
termined (14, 15) to provide a basis for calculation of the weight of the 
white cells. 

Serum—20 yl. of serum are added to 80 ul. of 5 per cent trichloroacetic 
acid ina 5 X 50 mm. tube. 

After centrifuging, 25 ul. aliquots of the extract are pipetted into three 
tubes: To two tubes are added 10 ul. of water; to the third are added 10 
ul. of N'-methylnicotinamide standard, 2 y per ml. One of the first tubes 
serves as a blank, with water added instead of methyl ethyl ketone. The 
others are analyzed by the same procedure detailed for whole blood. Since 
all pipette volumes cancel out except the first one, 


microgram NMeN in standard 


N'-Methylnicotinamide per ml. serum = 
ml. serum in sample 


R — BI. 
Reta. R 


R, BL, and Rata. are the respective fluorescence readings of the sample: 
blank, and the sample plus the internal standard. In serum, the small 
dilution dictated by the low level of N'-methylnicotinamide present is not 
sufficient to avoid disturbing substances completely. Hence an internal 
standard is used to increase accuracy of the measurement. 

Liver—The weighed liver is homogenized at once in 100 volumes of 5 per 
cent trichloroacetic acid. 5 ml. of the homogenate are further homogenized 
in 50 ml. of 5 per cent trichloroacetic acid. After centrifuging, 25 wl. quan- 
tities of the extract are analyzed as detailed for serum, except that 10 ul. 
of DPN standard, 15 y per ml., are added as the internal standard and 
micrograms of DPN per gm. of liver are calculated. An average of 5 per 
cent enhancement of the fluorescence of the internal standard is obtained. 

Reproducibility and Proportionality—Triplicate samples containing 0.146 
y of DPN were analyzed daily for 12 days and showed a coefficient of varia- 
tion of 0.7 per cent. With ten sets of triplicate samples of whole rat blood, 
the mean and standard deviations for replicates were, respectively, 76 and 
0.6 y of DPN per ml.; with red blood cells, 134 and 0.5 y per ml. — Similar 
reproducibility has been obtained with human blood.  Proportionality 
obtains between fluorescence and either DPN or N'-methylnicotinamide in 
the recommended range of concentration. 

Recovery blood filtrates and particularly in filtrates of red blood 
cells, some material is present which can lower fluorescence of the DPN 
compound. This quenching is avoided by using highly diluted filtrates. 
As a result, recovery of DPN added to human and rat blood and red blood 
cells is satisfactory (Table I). 
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Procedures Used in Metabolic Studies 


Sherman strain male rats, 24 to 28 days old, were maintained on Sherman 
Diet 13 for 9 days or for 4 days (Studies A and B, respectively) before 
transfer to experimental diets. The basal experimental diet, essentially 
that described by Krehl et al. (17), consisted of corn grits 40, sucrose 46.8, 
casein 9, corn oil 1.8 per cent, and Salts 1V, choline chloride, and all the vi- 
tamins prescribed except nicotinic acid. The diet contained 12.6 per cent 
protein, 9 per cent as casein and 3.6 as corn grits. Microbiological assays® 
of the diet indicated 0.84 mg. of nicotinic acid and 88 mg. of tryptophan 
per 100 gm. Nicotinic acid, nicotinic acid amide, or precursors were given 
as daily oral supplements in equimolar amounts (Table II, Study A) or were 
incorporated in the diet (Study B). Samples of tail blood were collected 


TABLE | 
Recovery of DPN Added to Blood and Red Blood Cells of Man and Rat 


Original sample DPN added Total found Recovery 

24 112 134 QS 
60 78 133 | 94 
| S2 194 266 | 95 


128 482 601 98 


for analysis at intervals. Finally, the animals were etkggrized and bled 
from the heart. The livers of the animals in Study B ygg¥e weighed and 
immediately homogenized. Rapid handling minimized $i chance of en- 
zymatic splitting of DPN. 

The urine was collected in metabolism cages for 3 to 5 days and for 24 
hours from animals in Studies A and B, respectively. The animals were 
given water in the cages but were removed for timed intervals twice a day 
to eat. For comparison, the urine of rats on the Sherman Diet 13, as 
representative of a diet of wheat and milk (about 13 per cent protein), was 
collected. Analyses were made on pooled samples of urine from each group. 

Nicotinic acid was determined by the method of Perlzweig (18) with 
slight modification for rat urine and by microbiological assay,‘ N'-methyl- 
nicotinamide by a fluorescence method similar to that used for DPN in 
blood, and tryptophan by microbiological assay.‘ 

> These analyses were made by the Food Research Laboratories, Inc., Long Island 
City, New York. 

‘The authors wish to express their appreciation to Miss Selma Jansons and Dr. 


Helen Funk of Columbia University for the microbiological assays with Lactobacillus 
arabinosus. 
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TABLE II 


Effect of Nicotinic Acid and Precursors on Levels of Pyridine Nucleotides and 
N'-Methylnicotinamide in Blood and Urine 
The standard errors are indicated. 


DPN of red cells* Urinary = per day at 
WKS. 
Supplements | No, of |Average weight) _ 
| | Initial wks. 6wks. |NMeN| NA | Total 
Study Af 
| gm. per wk. | per ml. | y perml. perml. | | | 
None | 840.7064 415244 13947 | 74] 15! 8h 
NA, 5 mg. 10 | D+ 1.0 207 + 4 208 + 14} 230 + 7 2611 1162 3487 70 
NAm,5 9 19 + 1.2201 + 4 230 + 3t 227 + 11 4010 276 3847 77 
mg. | | ! | | 
HMPT, 10 19 41.1211 + 8 223 4 11$231 +4 11 2890) 1166 3741 75 
10 mg. | | : 
Study B§ 
None 9.1 40.8173 + 101214 4 117 + 4 
NA 9 19.7 40.8176 +8 24144 224+ 2 1330 182) 1377 65 
L-T 9 20.34 1.117245 W148 19.47 323 43 333 176 
Diet 13 10 20.2** | 212 + 5 | 321; 38) 326 


| | | | 

NAm, nicotinamide, HMPT, 3-(hydroxymethy])-pyridine tartrate (Roniacol tar- 
trate), NMeN, N'!-methylnicotinamide, L-tryptophan, NA, nicotinic acid, 
DPN, diphosphopyridine nucleotide. 

* Calculated from whole blood analyses and the hematocrit. The method used 
for the initial analyses of Study A included delivery of the blood into a ceric sulfate- 
nicotinamide mixture prior to TCA precipitation and the use of N+-methylnicotin- 
amide as a standard. 

t Daily oral supplements were given. 

t Averages of four rats. 

§ The animals were sacrificed at 5 weeks. The daily food intake was 7.3, 9.7, and 
9.5 gm. for the first three groups, respectively. The corn grits diet alone furnished 
daily 0.06, 0.07, and 0.08 mg. of nicotinic acid and 6.4, 8.5, and 8.4 mg. of L-tryptophan 
per rat. The average daily intake of nicotinic acid was 0.06, 5.0, and 0.08 mg., and 
of L-tryptophan 6.4, 8.5, and 16.3 mg. per rat, respectively. 

| Microbiological assays gave values for nicotinic acid of 4, 230, and 38 5, respec- 
tively, for the first three groups. 

“ The diets supplied on the day of urine collection, 0.04, 2.1, and 0.05 mg. of nico- 
tinie acid and 4.4, 3.6, and 9.5 mg. of L-tryptophan, respectively. Excretion of 
tryptophan was 24, 34, and 35 y per rat per day. Recovery of nicotinie acid from 
L-tryptophan is caleulated on the basis of the increment of dietary tryptophan and 
is corrected for a 65 per cent recovery of any nicotinie acid formed and for the differ- 
ence in molecular weights. 

** The average gain reported by H. C. Sherman and H. L. Campbell (/. Biol. 
Chem., 60, 5 (1924)) for rats on Diet 13, 28 to 56 days. 
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Results 


The levels of DPN in the red cells (Table 11) were increased equally well 
by equimolar supplements of nicotinic acid, nicotinamide, or 3-(hydroxy- 
methyl)-pyridine tartrate. Weight gains resulting from the three supple- 
ments were also similar. L-Tryptophan added to the diet in equimolar 
quantity to nicotinic acid produced lower levels of DPN in red cells but 
maintained weight gains equal to those of any of the supplemented groups. 
The wheat-milk diet maintained weight gains similar to the experimental 
supplemented diets and red cell levels of DPN only slightly higher than the 
L-tryptophan-supplemented group. The higher red cell DPN level due 
to ingestion of a very large daily supplement of nicotinic acid or related 
compounds appears unnecessary for normal weight gain in young rats. 

The animals receiving a very low intake of both nicotinic acid and tryp- 
tophan gained two-fifths as much as those of the supplemented groups 
and showed typical signs of nicotinic acid deficiency. The red cell levels 
dropped to two-thirds their initial value in 5 or 6 weeks and in Study B 
were only one-half as high as the nicotinic acid group after 5 weeks. The 
DPN levels of white cells plus platelets and of liver were lowest in the un- 
supplemented group (Table ITT). 

If the tissue levels resulting from the high nicotinic acid intake are ‘‘satu- 
ration” levels,® then in the unsupplemented group the red cells, white cells, 
and liver were, respectively, 48, 68, and 35 per cent ‘‘saturated”’ with re- 
spect to DPN, whereas in the rats fed L-tryptophan the levels were respec- 
tively 80, 77, and 60 per cent ‘‘saturated.’”’ The differences in red cell and 
liver DPN between the pairs of groups in Study B are statistically signifi- 
cant at P <0.001. 

The rats on supplements of nicotinic acid and 3-(hydroxymethyl)-pyri- 
dine tartrate were closely comparable in the urinary excretion patterns 
(Table II). Each group excreted 25 times as much N'-methylnicotinamide 
as nicotinic acid. Those supplemented with nicotinamide excreted 15 
times more V'!-methylnicotinamide than nicotinic acid. The total excre- 
tion of the two compounds for all supplemented groups was 40 times that 
of the control group and 10 times that of the wheat-milk group. Recov- 
ery of the metabolites plus nicotinic acid accounted for about three-fourths 
of the daily supplement given. 


>The ‘‘saturation’’ level is used here to mean the highest level obtained from the 
large daily supplements given to rats and may differ for different species. Hoagland 
etal. (7) found nicotinic acid in high doses to produce temporary high factor V in 
human red cells which declined steadily to normal levels when large supplements were 
stopped. In dog blood no significant effects on the factor V level were found by Kohn 
etal. (19) from nicotinic acid supplements given to either normal dogs or those with 
blacktongue. 
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When nicotinic acid was incorporated in the diet, a smaller fraction, one- 
seventh, appeared in the urine unchanged (Table II, Study B). The ratio 
of N'-methylnicotinamide metabolite to nicotinic acid was approximately 
the same with Sherman Diet 13, or with tryptophan, or with nicotinic acid 
supplementation to corn grits diet. 


TaBLeE III 


Effect of Nicotinic Acid and Tryptophan on Pyridine Nucleotides in Blood and Liver 
The rats were those of Study B, Table II, after 5 weeks on the experimental diets. 


| 
Supplement Serum, NMeN* Red cells, DPNt| Liver, DPN 
| y per cent | y per mil. | y per em. | y per gm. 
0.08 | 117 44 | 2294 9 | 282 + 40 
Nicotinic acid................. | 0.93 242 + 2 338 + 23 797 + 40 
| 0.16 | 191 + 7 261 + 17 475 + 22 


* The serum was pooled for each group. 

+ The values were calculated from the whole blood values and the hematocrit, 
average about 42 per cent, which was essentially the same in the three groups. 

t Averages for white blood cells plus platelets of four rats in each group. 


TaBLeE IV 


Pyridine Nucleotide Levels in Blood and Blood Cells of Well Nourished Human Beings 
The standard errors of the means are indicated. 


| No. of adults | DPN | Range 


Sample | 
| y per mil. y per mil. 
| 8 0.46 + 0.02* 0.36- 0.52* 
| 12 (68.0 +1.5  58.0- 86.0 
White blood cells and platelets... ... | 12 690.0 + 76.0-101.0F 


* Expressed as V!-methylnicotinamide. 

+ Expressed as micrograms per gm. 

The concentration of N'-methylnicotinamide in blood serum roughly 
parallels the urinary excretion (Table III). The nicotinic acid group had 
a serum level which was 6 times that of the tryptophan group and 12 times 
that of the unsupplemented groups. This indicates that the N'-methyl- 
nicotinamide of serum might be a ready measure of alteration in the intake 
of nicotinic acid or its precursors. The serum level of the unsupplemented 
group fell progressively at the 3 and 5 week interval (not shown) and that 
of the tryptophan group remained about the same, whereas the nicotinic 
acid group increased to several times the initial level. 

Well nourished human beings have only one-third as much DPN as the 
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rat in red and white cells and only about one-half as much N'-methylnico- 
tinamide in serum (Table IV). The values obtained for human red cells 
by this method are in the range previously reported (6-9). The range is 
somewhat higher than that reported by Hoagland and Ward (8) as 47 to 
67 y per ml. (60 normal subjects) by Hemophilus parainfluenzae assay; the 
average is near that calculated from nicotinic acid data as 70 y of DPN 
per ml. by Klein et al. (4), and somewhat lower than 77 y of DPN per ml. 
reported from the acetone condensation method by Levitas et al. (9). The 
availability at present of nearly pure DPN for a standard may account for 
some of the differences from the value of Levitas et al., who calculated DPN 
from the fluorescence of the acetone derivative of standard N'-methylnico- 
tinamide. 

If a hematocrit of 0.4 is assumed, red cells contribute 27.2 y per ml. (68.0 
X 0.4) to whole blood, white blood cells 1.2 y (90 X 0.015), and serum 1.5 
vy (as DPN), which gives a total of 29.9 y in agreement with the directly 
determined value of 29.8 y per ml. 


DISCUSSION 


The methods for DPN in blood, blood cells, and liver determine the oxi- 
dized forms of the pyridine nucleotides since they are extracted directly 
with trichloroacetic acid. Somewhat higher levels have been obtained by 
using ceric sulfate and niacinamide as recommended for tissues by Robin- 
son et al. (1). Various irregularities appeared when ceric sulfate was used, 
which led to discontinuing this procedure, although the earlier experiments 
in Table II indicate somewhat higher red blood cell levels, possibly due in 
part to inclusion of reduced pyridine nucleotides. 

Solutions of DPN used as a standard were analyzed by measuring the 
absorption of the cyanide addition product at 325 \, by the alcohol dehy- 
drogenase method, and by measuring the DPN reduced by hydrosulfite at 
340 X. Typical results are represented by 77, 78, and 77 per cent DPN, 
respectively, obtained for solutions of Sigma ‘90’? DPN. 

Large dietary supplements of nicotinic acid, nicotinamide, and 3-(hy- 
droxymethyl)-pyridine tartrate served equally well as precursors of DPN 
in rat erythrocytes. In contrast, Hoagland et al. (7) found that large doses 
of nicotinamide fail to increase the DPN level of human erythrocytes in 
vivo, although very high levels are attained with nicotinic acid. Under 
certain conditions in vitro Leder and Handler (20) report conversion of 
nicotinamide by human erythrocytes to pyridine nucleotides (mainly the 
mononucleotide) at 10 times the normal concentration. In the studies 
reported here specific enzymatic destruction of DPN in both human and 
rat blood filtrates indicates that most of the pyridine nucleotides is present 
as DPN. 
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The data presented are relevant to finding means for appraising nutri- 
tional status. If the rat can be used as a guide, the red cell DPN level is 
a valid measure of moderate to severe niacin deficiency, whereas either the 
serum level or urinary output of N'-methylnicotinamide would be a more 
sensitive measure of recent dietary abundance of niacin. Changes in the 
red cell DPN induced by changes in the diet are almost, but not quite, as 
great as those occurring in the liver. Since the white cell plus platelet con- 
centration of DPN is but little higher than that of the red cells, and changes 
less in deficiency, it is probably of little value for assessing status. Be- 
cause human red cells contain much less DPN than those of the rat, it 
may be improper to apply the present finding to human nutritional prob- 
lems without further evidence. 


SUMMARY 


In rats a low intake of DPN precursors results in low levels of pyridine 
nucleotides in blood cells and liver, of N'-methylnicotinamide in serum, of 
urinary excretion of nicotinic acid or N'-methylnicotinamide, and in con- 
comitant small gains in weight. Indications are that the serum N'-methyl- 
nicotinamide reflects the decreased intake most. rapidly. 

3-(Hydroxymethyl)-pyridine tartrate, nicotinic acid, and nicotinamide 
maintain the red cell level of DPN in rat blood equally effectively but cause 
differences in the urinary excretion pattern. 

Weight gains of rats on the L-tryptophan supplement are as high as those 
receiving nicotinic acid, but the levels of red and white blood cell and liver 
DPN as well as of serum N'-methylnicotinamide and urinary excretion of 
nicotinic acid are much lower. 

Simple micromethods are described for carrying out fluorescence meas- 
urements of pyridine nucleotides in blood cells and liver and N'-methyl- 
nicotinamide in serum which offer possibilities for more general metabolic 
studies. Values obtained for well nourished human beings are given. 

Measurements made after the destruction of DPN in blood filtrates with 
a specific diphosphopyridine nucleotidase indicate that 85 to 90 per cent 
of the fluorescence is due to DPN per se. 
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ENZYMATIC SYNTHESIS AND BREAKDOWN OF A 
PYRIMIDINE, OROTIC ACID 


Ill. UREIDOSUCCIN ASE* 


By IRVING LIEBERMAN ano ARTHUR KORNBERG 


(From the Department of Microbiology, Washington University School of 
Medicine, St. Louis, Missour?) 


(Received for publication, August 23, 1954) 


The fermentation of orotic acid by growing or resting cultures of Zymo- 
bacterium oroticum (1, 2) leads to the formation of acetic acid, NH3, COs, 
and a dicarboxylic acid (or acids). With cell-free extracts (obtained by 
disruption of the cells with glass beads) and with partially purified en- 
zymes prepared from these extracts, the following chain of reactions was 
established (2, 3). 


(1) Orotie acid = L-dihydroorotie acid = L-ureidosuccinic acid 
L-5-carboxymethylhydantoin 


While this work helped to clarify a pathway of pyrimidine synthesis and 
breakdown, it did not provide an understanding of the ultimate conversion 
of the pyrimidine to the simpler fermentation products. By the use of 
sonic waves for disruption of the cells, an enzyme system for metabolizing 
ureidosuccinic acid has now been found which had been denatured in 
the extracts studied previously. With an enzyme purified from ‘sonic 
extracts,” it has been established that L-ureidosuccinic acid is directly 
converted to L-aspartic acid, COs, and NH; (Equation 2). The formation 
of carboxymethylhydantoin appears at present to be a spur off the main 
pathway of metabolism. 


(2) H.N COOH COOH 
O=C CHe 4+H,O CH, + CO. + NH; 
NH—CH H.N—CH 
COOH 
L-Ureidosuccinic acid L-Aspartic acid 


The purpose of this report is to describe the purification and properties 
of the enzyme, named ureidosuccinase, which catalyzes Equation 2, and 


* This investigation was supported by grants from the National Institutes of 
Health, United States Public Health Service. 
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also to present some aspects of the further metabolism of L-aspartic acid 
by extracts of this organism. 


Methods 


Materials—Cultures of Z. oroticum were grown as described previously 
(2) in an orotate-yeast extract-tryptone broth under anaerobic conditions. 
When growth was essentially complete (16 to 18 hours), the cells were 
harvested with a Servall SS-1 centrifuge and resuspended in water, 15 ml. 
per liter of culture medium. The cell-free extract was prepared by sonic 
vibration of the cell suspension (45 to 75 ml.) for 8 to 10 minutes in a Ray- 
theon 10 ke. oscillator, followed by centrifugation for 10 minutes at about 
20,000 X g. Extracts were stable at 0° for at least 10 days if kept in 
vacuo, but lost activity rapidly when exposed to air either at 0 or — 16°. 

p- and L-ureidosuccinic acids (ureido-C') were synthesized according to 
the procedure of Nye and Mitchell (4) for the racemic compounds and 
purified by ion exchange chromatography on Dowex 1 (3). Ureidosue- 
cinic acid labeled in the aspartic acid portion of the molecule was prepared 
in the same way with C"™-labeled aspartic acid! isolated from Rhodospiril- 
lum rubrum (5) and kindly supplied by Dr. H. Tarver. Unlabeled pi- 
ureidosuccinic acid was obtained from the Dougherty Chemicals. —L-5- 
Carboxymethylhydantoin (2-C™) was synthesized from L-ureidosuccinic 
acid (ureido-C™) (4). The unlabeled racemic compound was _ prepared 
from pL-ureidosuccinic acid and crystallized twice from water. Carbamyl- 
L-glutamic (ureidoglutaric) acid, unlabeled or carbamyl-C', was prepared 
from potassium cyanate (unlabeled or C') and .L-glutamic acid by the 
method of Nyc and Mitchell (4) for ureidosuccinic acid, as described by 
Cohen and Grisolia (6), and crystallized twice from water. The unlabeled 
product melted at 158—160° (literature 160° (6)). Suecinyl urea was syn- 
thesized by the fusion of succinic anhydride and urea as described by Pike 
(7) and crystallized from water. 4-C'-Aspartic acid was the generous 
gift of Dr. E. M. Gal. 

Determinations. Assay of Ureitdosuccinase—The incubation mixtures 
2.0 ml.) in Thunberg tubes contained 0.02 ml. of MgCl. (0.3 m), 0.1 ml. of 
potassium phosphate buffer (1 mM, pH 8.0), 0.1 ml. of MnsSO, (0.01 Mm), 0.1 
ml. of cysteine (0.1 M, pH 7.0), 0.1 ml. of L-ureidosuccinate (0.02 mM, ureido- 
C4, 8500 c.p.m. per umole) and, in general, 0.25 to 2.5 units of the enzyme. 
The bulb of the Thunberg tube received 0.5 ml. of COs-free NaOH (0.2 
M) and a drop of bromothymol blue (0.04 per cent). The cysteine and 


1 Since the exact labeling of the aspartic acid is not known, the ureidosuccinic 
acid prepared from it has been referred to as R. rubrum ureidosuccinie acid. Pre- 
sumably some radioactivity was present in each of the carbon atoms of the aspartic 
acid, 
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enzyme solution were added last. The tube was evacuated and incubated 
at 30° for 30 minutes. To stop the reaction and acidify the reaction mix- 
ture, approximately 0.3 ml. of an H.SO,-thymol blue solution (2 parts 50 
per cent H»SO4, | part 0.04 per cent thymol blue solution) was cautiously 
admitted into the main space of the Thunberg tube through the side arm. 
After incubation at 60—65° for 30 minutes, the tube was allowed to cool, 
the bulb was removed, and 0.1 ml. of the NaOH solution was plated and 
counted. A unit of enzyme was defined as the amount causing the libera- 
tion of 1 umole of C“O, per hour. Specific activity was defined as units 
of activity per mg. of protein. 

Under the conditions of the standard assay, the rate of COs» liberation 
from ureidosuccinate was proportional to the amount of enzyme. Thus, 
the number of enzyme units per ml. determined with 0.05, 0.10, 0.20, 0.35, 
and 0.60 ml. of enzyme solution was 3.2, 2.4, 3.0, 3.3, and 3.3, respectively. 

The rate of the reaction was linear with time for at least 30 minutes. 
Thus with a constant amount of enzyme, 1.20, 1.20, 1.22, 0.99, 1.02, and 
0.94 units of enzyme were calculated to be present after incubation for 10, 
20, 30, 60, 90, and 120 minutes, respectively. 

For the determination of NH; liberation, the reactions were carried out 
in evacuated Thunberg tubes. At the end of the incubation period, 0.3 
ml. of 5 per cent formic acid was admitted to the tubes. The tubes were 
then incubated at 60—65° for 40 minutes, inverted several times, and stored 
at room temperature overnight. Aliquots were then removed for diffusion 
in Conway dishes (8) and NH3; was estimated by nesslerization (9). 

The ninhydrin method of Troll and Cannan (10) was used for the quan- 
titative determination of aspartic acid. Protein was determined by the 
method of Lowry ef al. (11). 

Pyruvate was estimated spectrophotometrically with lactic dehydrogen- 
ase and reduced diphosphopyridine nucleotide (DPNH) (12). 

C'-containing samples were plated on aluminum disks and measured in 
a gas flow counter. Self-absorption correction factors for C4O. in NaOH 
were obtained by diffusing and plating known samples of NaHCO ; under 
assay conditions. 


Results 
Purification of Ureidosuccinase 


Protamine Fraction—Purification of the enzyme was carried out at 0°. 
To 30 ml. of cell-free extract were added, with stirring, 6 ml. of a 1 per 
cent solution of protamine sulfate (Eli Lilly). After 5 minutes, the pre- 
cipitate was collected by centrifugation and the supernatant solution dis- 
carded. 30 ml. of potassium acetate buffer (0.1 mM, pH 5.0) were then 
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added and the precipitate was evenly suspended. After 20 minutes, with 
occasional stirring, the precipitate was again collected by centrifugation 
and the supernatant solution discarded. The precipitate was washed with 
20 ml. of water and then evenly suspended in 30 ml. of sodium citrate 
buffer (0.075 mM, pH 6.4). After 15 minutes the suspension was centrifuged 
and the supernatant solution collected (protamine, Table I). 

Ammonium Sulfate Fraction—To the protamine fraction were now added, 
with stirring, 15 ml. of saturated ammonium sulfate (3°), followed by 
5.25 gm. of the solid salt. After 5 minutes, the precipitate was obtained 
by centrifugation and dissolved in 12 ml. of water (ammonium sulfate, 
Table I). 

Isoelectric Fraction—The addition of 5 ml. of sodium acetate buffer (0.2 
M, pH 4.2) to the ammonium sulfate fraction yielded a precipitate which, 
after 3 minutes, was collected by centrifugation and dissolved in 10 ml. of 


TABLE I 
Purification of Ureidosuccinase 


Enzyme fraction | Units Over-all recovery Specific activity 
per mil. | per cent unils per mg. protein 
5.1 | 100 0.7 
| 4.7 92 2.1 
Ammonium sulfate................ | 8.2 64 4.9 


potassium phosphate buffer (0.05 mM, pH 8.0) (isoelectric fraction, Table I). 
For experiments in which NH; determinations were to be made, the acid 
precipitate was washed once with 5 ml. of sodium acetate buffer (0.1 M, 
pH 4.4) to remove any residual NH; and then dissolved. 

Ureidosuccinase activity decreased markedly for the first few days in all 
the partially purified fractions, regardless of whether they were stored in 
air or in vacuo. In vacuo with cysteine, however, the loss of activity ap- 
peared to be retarded. Thus after 3 days at —16°, 35 and 53 per cent of 
the original activities were present in samples stored in air and in vacuo 
with cysteine, respectively. The rate of decrease in activity slowed con- 
siderably after the initial storage period so that after 1 week the same 
samples retained 27 and 47 per cent, respectively, of their original ac- 
tivities. 

Substrate of Reaction 


The rapid interconversion of L-ureidosuccinate and L-5-carboxymethyl- 
hydantoin by cell-free extracts of Z. oroticum was previously described (3) 
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and was also observed with the “sonic extracts.”” A study of the rates of 
CO, release from ureidosuccinate and carboxymethylhydantoin, therefore, 
yielded no clue as to the immediate substrate of the reaction. Thus 0.97 
and 0.91 wmoles of COs were found when 2 umoles of C'-L-ureidosuccinate 
or C'4-L-carboxymethylhydantoin, respectively, were incubated under as- 
say conditions with the “sonic extract.”’ However, with the partially 
purified enzyme, ureidosuccinate proved to be the substrate; carboxy- 
methylhydantoin was inert (Table II). 


TaB_eE II 
Uretdosuccinate As Substrate of Reaction 


The reaction mixtures containing 0.72 unit of ureidosuccinase (specific activity 
6.3) were prepared as for the standard assay, except that FeSO, (0.001 mM) replaced 
the MnSQO,, and ureidosuccinate and 5-carboxymethylhydantoin (specific activities 
170,000 c.p.m. per wmole) were added as indicated. Incubation and subsequent 
treatment of the experimental mixtures were carried out as described for the stand- 
ard assay. 


Additions 


L-Ureidosuccinate L-Carboxymethylhydantoin CO» released 
cu | Unlabeled* cu -Unlabeled* 
umole | pmoles umole | pmoles c.p.m. 
0.1 | | 4740 
| 0.1 | 40 
0.1 | 20 | | 280 
0.1 _ | 20 4320 


* 40 umoles of the pL salt were added. 


Only the L isomer of ureidosuccinate was attacked by ureidosuccinase; 
the p form was completely inactive. Under standard assay conditions and 
with a partially purified enzyme preparation (specific activity 6.0), the 
rates (in units per ml.) were 0.98, 0.00, and 0.92 with the L, the p, and a 
mixture of both isomers, respectively. 


Products of Reaction 


Stoichiometric Relationship of CO, and NH;—Quantitative determina- 
tions of the CO, and NH; released during the ureidosuccinase reaction 
revealed that, for each mole of COs liberated, 1 mole of NH; was also 
released (Table III). 

Identification of u-Aspartic Acid As Product—The liberation of equimolar 
amounts of CO, and NH; suggested aspartic acid as the remaining product. 
With ureidosuccinate labeled in the aspartate portion of the molecule (R. 


| 
‘ 
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rubrum ureidosuccinate), the action of ureidosuccinase produced a com- 
pound tentatively identified as aspartate by its behavior on ion exchange 
chromatography (Table IV) and paper chromatography (Table V). 
Aspartic acid was isolated from a large scale reaction mixture containing 
1.0 mmole of pi-ureidosuccinate (3 X& 10° ¢.p.m. of R. rubrum ureidosuc- 
cinate), 88 units of ureidosuccinase (specific activity 8.5), and the remain- 
ing components of the standard assay system in 20-fold greater amounts. 
Incubation was in vacuo at 30° for 6 hours. After acidification to pH 2.0, 
the precipitated protein was discarded and the supernatant solution chro- 
matographed on a column of Dowex 50, H+ form (height 5 cm., diameter 
2.3 ¢m.). The eluting fluid was 0.1 Nn HCl. The product, detected by 


TABLE III 
Release of CO, and NH; from Ureidosuccinate 


The reaction mixtures in evacuated Thunberg tubes each contained, in 2.0 ml., 
6 umoles of 50 wmoles of K2HPO,, 1 of MnSQ,, 10 wmoles of cysteine 
(pH 7.0), 10.2 wmoles of L-ureidosuccinate (ureido-C"™, 3300 c.p.m. per wmole), and 
8.0 units of ureidosuccinase (specific activity 8.4). Tubes with mixtures to be as- 
sayed for CO, production contained 0.5 ml. of CO.-free NaOH (0.2 m) in their bulbs. 
The reactions were stopped at the indicated times by the addition of H.SO, or formic 
acid (see ‘‘Methods’’). 


30 min. 60 min. 
= pmoles | 


* CO. was estimated by the counts released from ureidosuccinate (ureido-C''). 
radioactivity measurements, appeared between 10 and 25 resin bed vol- 
umes of eluent and represented at least 88 per cent of the couuts applied 
to the column. Water and HCl were removed by evaporation on a steam 
bath, and finally zn vacuo over KOH. 63 mg. of a brownish white crystal- 
line material were obtained at this stage. A portion of the product was 
crystallized as a copper salt, which was then washed repeatedly with cold 
water. X-ray diffraction analysis of the copper salts of authentic aspartic 
acid and the enzymatic product yielded identical patterns. The enzymatic 
product was optically active with a specific rotation in 6 N HCl of +26.4° 
(L-aspartic acid, 24.6° (15)). 


Effect of pH and Other Factors on Ureidosuccinase Activity 


pH—The optimal pH range for the ureidosuccinase reaction was found 
to be 7.8 to 8.5. At the pH of the standard assay system, 7.55, the rate 
of CO» release was only 67 per cent of that at 7.9. At pH 5.1, 6.2, 6.8, and 
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TaBLeE IV 


Identification of Aspartic Acid As Reaction Product by Ion Exchange 
Chromatography 


The C'*-labeled product was prepared in a reaction mixture containing 6 zmoles 
of MgCl., 50 wmoles of potassium phosphate buffer (pH 8.0), 2 umoles of FeSQO,, 10 
ymoles of cysteine (pH 7.0), 1.55 wmoles of R. rubrum ureidosuccinate (specific ac- 
tivity 124,000 ¢.p.m. per umole), and 10.9 units of ureidosuccinase (specific activity 
6.0). After 60 minutes at 30°, the reaction was stopped by acidification to pH 2.0 
with 4 N HCl and the precipitated protein was discarded. The supernatant solution 
was chromatographed on a column of Dowex 50, H* form (5.0 em. X 1.0 sq. em.). 
The eluting fluid was 0.1 N HCl. Of the 192,500 counts applied to the column, 9 per 
cent were not adsorbed, 84 per cent were eluted between 9 and 22 resin bed volumes 
of eluent, and 67 per cent were eluted between 13 and 17 resin bed volumes of eluent. 
An aliquot of the latter fraction (36,600 c¢.p.m.) was then mixed with 40 umoles of 
L-aspartie acid, adjusted to pH 2.0 with 4 N HCI, and the mixture chromatographed 
as described above. 


Fraction No. C.p.m. per fraction Aspartic fraction, 
11 0 0 
12 352 0 
13 753 0.70 1076 
14 5,580 7.25 770 
15 14,300 19.3 741 
16 9 550 12.5 764 
17 776 1.03 793 
IS 0) 0 
TABLE V 


Identification of Aspartic Acid As Reaction Product by Paper Chromatography 


An aliquot of the material eluted between 13 and 17 resin bed volumes of eluent 
(Table 1V), containing 29,300 c.p.m. (0.23 uM), was mixed with 3.25 wmoles of L- 
aspartic acid. The mixture was evaporated to dryness, dissolved in a small volume 
of water, and applied to a Whatman No. | filter paper. It was then subjected to 
two-dimensional ascending chromatography with the following solvent systems: 
methanol-water-pyridine (13) (2 0.30), followed by secondary butanol-water-formic 
acid (14) (pe 0.24). The radioactive spot was located by radioautography, cut out, 
and divided into four strips. The strips were eluted with 4.0 ml. of 0.01 nN HCl. 


Aspartic acid, ¢.p.m. 


| 
Strip No. C.p.m. | Aspartic acid, umoles per ymole 
1 | 9540 | 1.09 | 875 
2 | 7500 | 0.90 | 833 
3 5700 0.70 | S14 
4 


4940 | 0.55 | 898 
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9.6, the rate of reaction was 6.6, 11.9, 25.1, and 36.3 per cent of the maxi- 
mum, respectively. At the pH values tested, tris(hydroxymethyl)amino- 
methane buffer gave results identical with those obtained with phosphate 
buffer. 

Cysteine and Other Reducing Agents—Cysteine always showed a stimu- 
latory effect with the partially purified enzyme, the extent varying among 
the different preparations from a 2- to 7-fold increase. Reduced gluta- 
thione was likewise stimulatory but its effect was less than half that of 
cysteine. Sodium thioglycolate was strongly inhibitory. 

Metal Requirements—The partially purified enzyme showed an absolute 
requirement for metal ions. Mn*+ was found to give the greatest effect. 
In the presence of Fe** (10-* m) and Cut (10-4 m), the rates were 69 and 
3 per cent of that obtained with (10-* respectively. MoO,-, 
Znt+, Alt+++, Mg++, and Cat+ were without effect. In the absence of added 
Mn*, and at concentrations of 5 X 10-7, 5 X 10-8, and 5 X 10-° Mo, the 
rate of COs» release from ureidosuccinate was 0.3, 2.9, 40.0, and 98.3 per 
cent, respectively, of that observed with 5 K 10-* mM Mn*. 

Concentration of Ureitdosuccinate—The rate of CO: liberation was studied 
as a function of ureidosuccinate concentration in the presence of Fe++ and 
Mn++. When the data were plotted according to Lineweaver and Burk 
(16), as shown in Fig. 1, straight lines were obtained. The K, values with 
the two metals differed; the values were 2.8 K 107% and 1.3 & 107°? Mm, with 
and Mn*, respectively. 


Specificity of Reaction 


With the purified enzyme, no detectable amount of NH; was released 
from ornithine, citrulline, or carbamyl-L-glutamate. With carbamyl-C"- 
carbamylglutamate, only a small amount of activity was found (less than 
0.01 per cent of that with ureidosuccinate). In 5 & 10-* m concentrations, 
hydantoin, citrulline, arginine, and succinyl urea did not inhibit the break- 
down of 5 & 10-5 mM L-ureidosuccinate. 


Further Breakdown of Aspartic Acid 


The metabolism of aspartate by cell-free extracts of Z. orolicum was 
studied with radioactive aspartate (4-C') and the release of CQO», deter- 
mined under conditions similar to those of the ureidosuccinase assay. 
CO, liberation from aspartate was found to be very slight but could be 
markedly stimulated by the addition of a-ketoglutarate. Thus in 30 min- 
utes, 0.94 umole of COQ. was released from 10 ymoles of L-aspartate in the 
presence of 20 umoles of a-ketoglutarate; without added ketoglutarate, only 
0.07 pmole of COs was liberated. Glutamate, catalytic amounts of a- 
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ketoglutarate (0.1 umole), and pyruvate had little or no effect upon the 
reaction rate. 

The requirement for a-ketoglutarate suggests a transamination from as- 
partate with a subsequent decarboxylation of the oxalacetate produced. 
In confirmation of this, it was shown that the liberation of 1.90 wmoles of 
CO: from L-aspartate was accompanied by the accumulation of 2.24 umoles 
of pyruvate.’ 


IA x 
O 1.0 2.0 3.0 4.0 


0.05 O11 2 0422 


O. 
Mn**, x10°°M 

Fig. 1. Rate of CO, release as a function of ureidosuccinate concentration. The 
reaction mixtures were prepared as in the standard assay, except that FeSO, (0.001 
M) replaced the MnSQ, in one set and varying amounts of pL-potassium ureidosuc- 
cinate were used. The tubes with FeSO, received 4.0 units (specifie activity 6.7) 
and those with MnSO, 4.3 units (specific activity 7.4) of ureidosuccinase. The reac- 
tions were stopped after 20 minutes and the extent of reaction determined by the 
CO, released. S, molar concentration of L-ureidosuccinate; v, umoles of COs re- 
leased. The solid circles refer to test mixtures with Mn**, the open circles to those 
with Fett. 


DISCUSSION 


The conversion of L-ureidosuccinic acid to L-aspartic acid, COs, and NH; 
represents the metabolism of a urea grouping which in mechanism might 
resemble the adenosinetriphosphate-yielding cleavage of citrulline (17-20) 
or the hydrolytic breakdown of urea. Since the partially purified ureido- 


2 The reaction mixture in each of two Thunberg tubes contained (in 1.0 ml.) 25 
xmoles of potassium phosphate buffer (pH 7.0), 3 wumoles of MgCls, 20 uwmoles of 
a-ketoglutarate, 10 wmoles of L-aspartate (4-C', 1900 ¢.p.m. per umole), and 0.5 ml. 
of cell-free extract. After 60 minutes at 30°, one reaction mixture was acidified and 
used to determine C!*Q, release; the other was incubated in a boiling water bath for 
3 minutes, centrifuged, and the supernatant fluid used to estimate pyruvate. 
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succinase of Z. oroticum showed no requirement for adenosinediphosphate 
or any other cofactor (except a sulfhydryl compound and Mn**) and pro- 
ceeded at an undiminished rate with no added inorganic phosphate, the 
mechanism of this reaction appears to have more in common with urease 
action than with citrullinase. Whether a carbamate salt is the inter- 
mediate as postulated in the case of urease (21) remains to be determined. 
The work of Rabinowitz and Pricer (22) on the breakdown by extracts of 
Clostridium cylindrosporum of 4-ureido-5-carboxyimidazole, an interme- 
diate in xanthine metabolism, also indicates the need for a divalent metal 
cofactor and no apparent involvement of phosphate or ADP. 


uridine di- and triphosphate 
Orotidine-5’-phosphate —-— uridine-5’-phosphate + CQ, 
Orotate 
1 


L-Dihydroorotate 


L-Ureidosuccinate L-arginosuccinate 


7 


L-5-Carboxymethvlhydantoin | 


L-ornithine 


NH; | CO, 


L-citrulline 


L-Aspartate 
+ NH; + CO, 
ScuEME 1. Hypothetical scheme of a pathway of pyrimidine nucleotide synthesis 
from aspartic acid. 


The indication that the action of ureidosuccinase is, like urease, highly 
exergonic accounts for our failure to demonstrate the resynthesis of ureido- 
succinic acid directly from aspartic acid, COe, and NH;. Recent studies 
by Schulman and Badger with pigeon liver homogenates (23) and Heinrich, 
Dewey, and Kidder with Neurospora (24) show that the ureide carbon of 
citrulline is a precursor of the ureide carbon of nucleic acid pyrimidines. 
It seems plausible that this result may be due to the production of argino- 
succinic and ureidosuccinic acids as intermediates, a suggestion made earlier 
by Walker (25). The finding of Reichard and Lagerkvist (26) that aspar- 
tic acid is a precursor of orotic acid in rat liver can, of course, be reconciled 
with this mechanism by assuming the participation of citrulline and its 
regeneration from ornithine. These reactions are incorporated into a pro- 
posed pathway of pyrimidine nucleotide formation based on information 
derived from several source materials (Scheme 1). Included also are recent 
findings regarding the enzymatic formation of orotidine and uridine nucleo- 
tides (27). 


mIN 


t 

I 

t 

a 

a 

O 

| | | (: 
| 

| | 

hi 

L- 

to 

Wi 

Ol 

fo 


I. LIEBERMAN AND A. KORNBERG 919 


The anaerobic fermentation of orotic acid by Z. oroticum involves a 
primary reduction by reduced diphosphopyridine nucleotide (DPNH) and 
therefore requires regeneration of the reduced coenzyme. It must also 
include reactions which yield energy for the growth of the organism. The 
three enzymatic steps leading to the production of aspartic acid consume | 
mole of DPNH and do not appear to be energetically linked. With regard 
to the breakdown of aspartic acid, we have shown only the formation of py- 
ruvic acid and CO, (presumably via oxalacetic acid) by transamination to 
a-ketoglutaric acid. It appears reasonable that, if a glutamic dehydrogen- 
ase of recognized ubiquitous occurrence is also present in these cells, it 
could provide for the regeneration of both DPNH and a-ketoglutaric acid 
(Equations 3 to 6). Further, the dismutation of pyruvic acid to acetic 
acid and a dicarboxylic acid could provide a source of energy for the growth 
of the cell. 


(3) Aspartate + a-ketoglutarate — oxalacetate + glutamate 
(4) Oxalacetate — pyruvate + CO, 
(5) Glutamate + DPN = a-ketoglutarate + DPNH + NH; + H* 


(6) Sum: Aspartate + DPN — pyruvate + CO, + NH; + DPNH + H* 
SUMMARY 


1. An enzyme named ureidosuccinase has been partially purified from 
Zymobacterium oroticum extracts prepared by sonic wave disintegration. 
This enzyme catalyzes the reaction 


L-Ureidosuccinate — L-aspartate + CO. + NH; 


2. Mn** or Fet* is essential for the reaction, the latter being required at 
higher concentrations. Cysteine stimulates the reaction rate several fold. 

3. Cell-free extracts released CO. also from L-5-carboxymethylhydan- 
toin but the partially purified enzyme was observed to be specific for 
L-ureidosuccinate. The interconversion of ureidosuccinate and the hydan- 
toin by an enzyme in this organism appears to be a spur off the main path- 
way of the orotic acid fermentation. 

4. Aspartate was converted to pyruvate and COs by cell-free extracts 
only in the presence of a-ketoglutarate, presumably by transamination 
followed by decarboxylation of the oxalacetate formed. 
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TISSUE PREFERENCES FOR FATTY ACID AND 
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Although detailed reaction pathways are now known for the catabolism 
of fatty acids and glucose in animal cells (1), relatively little information 
is available concerning the factors which regulate the utilization of these 
substances by individual tissues. 

Up to recent years this problem was not recognized generally, owing to 
the prevailing belief that fatty acid catabolism was a prerogative of the 
liver cell and that extrahepatic tissues were exclusively or principally uti- 
lizers of carbohydrate, being presumably devoid of the enzymes for fatty 
acid catabolism (1-4). This problem is now brought to the forefront, how- 
ever, as a result of the general recognition that hepatic as well as non- 
hepatic cells can carry out the oxidation of glucose and other sugars (5-8) 
and that non-hepatic tissues, including even brain, can oxidize fatty acids 
(9-13). 

It is logical to assume that organs having a multiplicity of substrates 
available from the arterial blood are equipped with means of choosing for 
catabolism those which are most suitable to their needs; as yet, however, 
nothing is known of the identity of such control factors, or the extent of 
their operation in individual tissues. It is generally felt that some of the 
hormones may function in this capacity, but there is as yet no certainty 
about the site of action of any hormone. As a first approach to a study of 
regulatory mechanisms for glucose and fat metabolism, the present study 
was undertaken with the object of ascertaining the extent of fatty acid and 
glucose oxidation in individual tissues when both substrates are available. 
By using C-labeled substrates, reliable estimations of the oxidation of 
these substances in tissue slices and homogenates could be made, simply 


* This work was supported by a grant from the National Science Foundation and 
has been aided in part by grants from the National Cancer Institute of the National 
Institutes of Health, United States Public Health Service, and the American Cancer 
Society, recommended by the Committee on Growth of the National Research 
Council. 

t This work will constitute part of a thesis to be presented by Arthur Allen to the 
Graduate Council of Temple University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy. 


921 


922 FATTY ACID AND GLUCOSE OXIDATION 


and unequivocally, by measurement of the incorporation of radioactivity 
in the respiratory COs. 

Before undertaking this study it was anticipated that results with tissue 
slices may be subject to uncertainties, owing to possible differences in 
permeabilities of cell membranes to the substrates employed. To circum- 
vent this, it was felt highly desirable to supplement data on slices with 
data on whole, unfractionated homogenates. In a previous study, it was 
found that glucose is readily oxidized by whole, isotonic homogenates when 
fortified with the proper ions and diphosphopyridine nucleotide (DPN*) 
(8). Fortunately, it was found that the optimal conditions for oxidation 
of long and short chain fatty acids were similar to those for glucose. This 
made it possible to study substrate preferences under conditions optimal 
for both substrate types, and without consideration of cell membrane 
barriers. 


EXPERIMENTAL 


The carboxyl-labeled fatty acids were prepared as described previously 
(14) and the C"'-labeled glucose was obtained from the Nuclear Instrument 
and Chemical Corporation of Chicago. C'-labeled phosphatide was iso- 
lated from the liver of a rat fed labeled palmitate, by extraction with alco- 
hol and ether, followed by repeated precipitation with acetone and_re- 
solution in petroleum ether. The labeled chemicals were obtained on 
allocation by the United States Atomic Energy Commission. For con- 
venience these substances were diluted with unlabeled material to give 
final activities in the range of 5000 to 20,000 ¢.p.m. when assayed as barium 
carbonate according to our standard counting procedure (8). Unless 
otherwise indicated, all experiments were conducted with approximately 
3 month-old male rats from our colony, fasted 24 hours. 

Experiments with slices were conducted as already described (7, 14) and 
those with homogenates as described recently by Wenner ef al. (8). As 
indicated in Tables I to VII, most of the experiments with homogenates 
were conducted with 50 mg. of tissue. It was necessary in these instances 
to add carrier carbonate in order to obtain sufficient barium carbonate for 
radioactivity assay. The radioactivity yields are uniformly reported in 
microatoms of substrate carbon converted to COs, this value having been 
calculated as described in previous publications (7, 8). 


Results 


Competition between Butyrate and Glucose—Before conducting competi- 
tive experiments, a preliminary study was made to ascertain optimal con- 
ditions for fatty acid oxidation in whole tissue homogenates. It was found 
that both butyrate and palmitate exhibited essentially the same require- 
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ments for their oxidation as did glucose; viz., isotonicity of homogenization 
and incubation media, the presence of magnesium and phosphate ions, and, 
particularly, DPN*. 

The effect of DPN* in stimulating the oxidation of fatty acids in whole 
rat kidney homogenate is illustrated in Table I. Though the results apply 
to butyrate, they are typical of palmitate also. At all three butyrate con- 
centrations, ranging from 0.001 to 0.01 m, DPN* addition increased the 
incorporation of butyrate carbon into respiratory CO, approximately 25- 
fold. This was accompanied by a marked stimulation in oxygen uptake, 
though, as observed previously, endogenous oxygen uptakes of these prep- 


TABLE I 
Effect of DPN* and ATP on Butyrate Oxidation in Whole Kidney Homogenate 


The basic system contained the following substances in the designated final con- 
centrations: MgSO, 0.003 m; phosphate buffer, pH 7.4, 0.006 m; KCI 0.14 mM; nucleo- 
tides, when present, 0.002 mM; and 0.30 ml. of homogenate representing 50 mg. of 
original tissue. The total fluid volume was 1.6 ml. Vessels were shaken in air at 
38° for 1 hour. Oz: uptakes are given in micromoles, and substrate oxidation values 
are given in microatoms of carbon converted to COs. 


Additions 


Butyrate None DPN* | ATP DPN* + ATP 


concentration 


Os uptake, | Oxidation, Oe uptake, Oxidation, Os uptake, Oxidation, O2 uptake, Oxidation, 


umoles ywatoms pmoles patoms C umoles umoles yatoms C 
| 
0 1.4 10.9 3.1 | 
0.001 1.6 0.16 18.0 | 5.85 | 1.3 | 0.40 | 10.6 | 1.99 
0.005 1.1 ().25 16.6 6.04 1.5 0.48 | 10.0 | 1.91 
0.010 1.9 1 11.8 2.25 


().24 16.8 6.36 


—— - - - 


arations, when stimulated by DPN?*, are already high without added sub- 
strates. Contrary to previously reported effects in liver mitochondria (15), 
stimulation was only very slight with addition of adenosinetriphosphate 
(ATP), and the addition of ATP to the DPN*-fortified system resulted in 
marked inhibition rather than enhancement in both oxygen uptake and 
butyrate oxidation. Butyrate oxidation was almost maximal at 0.001 mM; 
increases in concentration above this level failed to increase oxygen uptake 
and only slightly increased butyrate oxidation. 

Data on butyrate and glucose oxidation in liver slices and homogenates, 
and the effect of the presence of one substrate on the oxidation of the other, 
are shown in Table II. As observed previously (16), butyrate oxidation 
was high in rat liver; in keeping with its ketogenicity, about 4 times as 
much butyrate carbon was converted to acetoacetate (253 patoms) as was 
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oxidized to CO. (66 watoms). The simultaneous presence of glucose had 
virtually no effect on either total CO. production or on oxidation of bu- 
tyrate to CO, or to acetoacetate; the corresponding values were 265 and 
59 watoms. These results emphasize further our previous findings con- 
cerning the low rate of glucose oxidation in rat liver (8). The conversion 
of glucose to COz was about one-eighth, or less, that of butyrate, and the 
conversion to acetoacetate was of the order of 1 per cent that of butyrate. 
Addition of butyrate had no appreciable effect on these low rates of glucose 


TABLE II 
Oxidation of Glucose and Butyrate by Liver Slices and Homogenates 


Experiments with slices were conducted with 0.6 gm., dry weight, of pooled tissue 
taken from 24 hour fasted rats. They were incubated 2 hours in oxygen in 40 ml. 
of Ringer-phosphate medium. Experiments with homogenates were conducted as 
in Table I, except that 0.2 gm., dry weight, of tissue was used per flask in a total 
volume of 32 ml., and DPN? was added in a final concentration of 0.002 mM. Vessels 
were shaken 2 hours in air at 38°. Substrate concentrations were 0.005 Mm. All 
values are calculated on the basis of 1 gm., dry weight, of tissue per hour of incuba- 
tion. 


Slices | Homogenates 
Substrates Respiratory CO» Acetoacetate Respiratory Acetoacetate 
Sub- Sub- | | | Sub- 
Amount nate Amount Si Amount Cc Amount orate Cc 
“atoms moles watoms “umoles “atoms 
196 66 121-253-382 192 360 1020 
185 | 8.5| 44) 4 362| 16| 82) 5 
Butyrate-1-C™ + glucose... 172 59 122,265 390215345988 
Glucose-C'* + butyrate...... 187 7.3) 438731635010 


* Uniformly labeled. 


oxidation. Except for rates of oxidation of both substrates markedly 
higher in homogenates than in slices, their patterns of metabolism were the 
same in each preparation. 

The experiments with both substrates present clearly demonstrate the 
lack of interdependence of butyrate and glucose oxidation. In neither the 
slice nor the homogenate did the presence of one substrate influence the 
oxidation of the other. With the experiment with slices it could have been 
argued that the low rate of glucose oxidation was due to impermeability, 
which might likewise explain the lack of effect of glucose on butyrate oxi- 
dation. The similar lack of effect in the cell-free homogenate refuted this 
hypothesis, however, and clearly indicates that the oxidative systems for 
glucose and butyrate are not in competition. 
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Butyrate and Glucose Oxidation in Non-Hepatic Tissues—The results of 
similar experiments in competition in kidney and heart homogenates are 
given in Table III. Butyrate oxidation was extremely high in kidney; at 
the 0.001 m level, the oxygen uptake was 15.8 umoles, and 5.8 yvatoms of 
butyrate carbon were converted to COz. Since the complete oxidation of a 
mole of butyrate requires 5 moles of oxygen, we can calculate that 5/4 
(5.8) = 7.25 umoles of the 15.8 umoles = 46 per cent of the total oxygen 
uptake was utilized for the oxidation of exogenous butyrate. The remain- 


TaBLeE III 
Oxidation of Butyrate and Glucose in Kidney and Heart Homogenates 
The experimental conditions were as described in Table I, with addition of 0.002 
mM DPN?*; glucose concentration was 0.005 mM. The values for oxygen uptake are in 
micromoles and those for substrate oxidation are in microatoms of carbon. Each 
flask contained 0.3 ml. of homogenate, representing 50 mg. of fresh tissue. 


| Additions 

| | Oe | Butyrate Or Butyrate Glucose 

| uptake | oxidation uptake oxidation uptake oxidation 

mates | atoms C | moles | | wmoles | patoms C 
Kidney 0 | | 4.37 
0.001 | 15.8 | 5.83 6.38 20.8 5.06 
0.005 17.5 21.0 8.00 23.5 5.18 
0.01 | 12.56 | 7.2 21.7 8.05 22.3 4.67 

Heart 0 10.7 2.50 
0.001 1.65 12.3 10 11.0 2.00 
0.005 8.2 | 1.57 | 9.6 1.53 
0.01 | > ae 8.9 | 1.69 7.8 1.12 


ing 54 per cent was utilized presumably for oxidation of endogenous fatty 
acids (9). When both butyrate and glucose were present together, the 6.38 
yatoms of butyrate carbon oxidized required 6.38 & 5/4 = 8.0 umoles of 
oxygen, and the 5.06 watoms of glucose carbon oxidized required 5 umoles 
of oxygen. Thus, the oxidation of both substrates required 8.0 + 5.0 = 
13.0 umoles of oxygen, or 13.0/21 = 62 per cent of the total oxygen con- 
sumption of the homogenate. It is obvious from this experiment that 
glucose, in a 5-fold higher concentration than butyrate, lowered neither 
butyrate oxidation nor the oxygen consumption due to oxidation of en- 
dogenous substrates. With butyrate alone, ‘‘endogenous’’ oxygen con- 
sumption was 15.8 — 7.25 = 8.6 umoles, whereas with glucose present it 
was 21 — 13 = 8 umoles. Thus, essentially all of the increased oxygen 
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uptake is accounted for by oxidation of the added glucose. Except for 
some slight differences in proportions, the same general pattern was ex- 
hibited at the higher butyrate concentrations. 

A similar study in rat heart homogenate (Table III) again indicates that, 
if glucose has any effect at all on butyrate oxidation, it stimulates rather 
than inhibits the oxidation of the fatty acid. This effect was observable 
at all butyrate concentrations, even though the oxidation of both butyrate 
and glucose was inhibited at high butyrate levels. 

Palmitate and Glucose Oxidation—Since exogenous long chain fatty acids 
are potent inhibitors of respiration (16, 17), it was necessary, in extending 
the competition studies to palmitate, to use very low concentrations of this 
acid. As found previously in liver homogenates (16), the optimal concen- 
tration for oxygen consumption and palmitate oxidation was approximately 
0.00025 m. Consequently, in these experiments, palmitate was used in 
concentrations extending downward from an upper limit of 0.0005 m, the 
level at which inhibition is moderate but definite. 

In Table IV are summarized the results of four experiments in which 
palmitate at 0.00025 m concentration was oxidized by liver in the absence 
and presence of glucose at 0.005 m. Since differing amounts of tissue were 
used in the separate experiments, the absolute values for palmitate or glu- 
cose oxidation are not directly comparable. Table IV is arranged only to 
convey the magnitude of effect of one substrate on the other in the individ- 
ual experiments. By reading horizontally across each line, it may be seen 
that in each experiment the pattern is remarkably similar to that observed 
for butyrate. Neither the oxidation of palmitate nor that of glucose is 
influenced materially by the presence of the other. Such effects as were 
found suggest that glucose enhances rather than inhibits palmitate oxida- 
tion. In another experiment not shown in Table IV, increase of glucose 
concentration up to 0.1 m failed to affect the magnitude of oxidation of 
exogenous palmitate. The results with kidney slices and homogenates in 
Table 1V indicate that glucose also does not lower palmitate oxidation in 
kidney, although in this tissue palmitate appeared to be far more inhibitory 
to its own oxidation and to that of glucose than in liver. This is evident 
from the observations that palmitate oxidation in the homogenate was 
lower than that in the slices, whereas the opposite condition prevailed 
in liver, and that glucose oxidation was not appreciably inhibited by pal- 
mitate in liver homogenates, but was reduced to very low levels in kidney 
homogenates. To explore further the possible effect of palmitate on glu- 
cose oxidation in kidney, experiments were performed at palmitate levels 
well below the inhibitory. Palmitate is a powerful inhibitor of both res- 
piration and oxidation of the labeled substrates (Table V). However, 
when the concentration of palmitate is reduced below the level at which it 
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inhibits oxygen consumption and its own oxidation, viz. 0.0001 M, it has no 
appreciable effect on glucose oxidation. It is also evident from these ex- 
periments that even at low palmitate levels glucose still does not inhibit 
palmitate oxidation. 

Competition between Phospholipide-Bound Palmitate and Glucose—The 
data thus far obtained leave no doubt that the oxidation of added fatty 
acids in rat tissue homogenates is not materially affected by the presence 
of high concentrations of glucose. However, the physiological significance 


TaBLe IV 
Oxidation of Palmitate and Glucose in Rat Liver and Kidney 


I:xperiments with slices were conducted essentially as in Table II, those with 
homogenates essentially as in Table III. Palmitate concentration was 0.00025 M, 
that of glucose 0.005 Mm. All experiments were run for 1 hour at 38°. Values are in 
microatoms of substrate carbon oxidized to COs. 


Additions 


meg. paloms patoms C | patoms patoms C 

100 2.2 02 | 24 | 
0.8 | 0.2 | 0.84 | O.1 
300 2.6 5.8 | 3.2 5.6 
50 04 | 70 | O06 0.2 
50 0.4 3.2 | 0.4 0.4 


* Fed animals. 


of experiments conducted with free fatty acids or their carboxylate ions is 
always open to question because these substances, aside from their dele- 
terious effect on proteins, are probably not present in appreciable quanti- 
ties in intact cells of normal animals. ‘To study the competition with a 
more “physiological” substrate, several experiments were carried out in 
which the labeled fatty acid was incorporated in phospholipides. These 
experiments were conducted essentially as were those in Table II, except 
that the substrate was a labeled phospholipide fraction. 

Because of the low activity of the phospholipide, sufficient tissue was 
used in each experiment to allow collection of respiratory CO». without the 
addition of carrier. Results are corrected for differing amounts of tissue 
to a 1 gm., dry weight, basis. As seen in Table VI, phospholipide-bound 
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palmitate was oxidized in kidney slices, indicating that these substances 
can penetrate the intact cell in vitro. This substrate was not oxidized in 
the whole homogenate unless fortified with nucleotide (Experiment 2). 
Stimulation was slight with ATP, but was quite marked with DPN‘; 


TABLE V 


Palmitate and Glucose Oxidation in Kidney and Heart Homogenate. Effect 
of Palmitate Concentration 


The conditions were asin Table III. The values for oxygen uptake are in micro- 
moles and those for palmitate oxidation are in microatoms of carbon. 


Additions 
Palmitate Patmitates-cu | Palmigte | palmitate t 
Palmitate | Or | Palmitate | Or | Glucose 
| uptake oxidized | uptake oxidized | uptake oxidized 
M pumoles patoms C ymoles patoms C pmoles patoms C 
Kidney 0.00005 10.2 0.73 11.3) 0.63 11.5 1.26 
0.00010 10.1 0.76 10.0 | 0.99 
| 0.00028 $7.6 | 0.52 5.4 | 0.58 | 7.0 | 0.37 
0.00050 4.3 | 0.33 | 4.3 | 0.44 | 4.0 | 0.15 
Kidney | | 17.9 3.3 
0.00001 12.2 | 0.1 | 16.1 | 0.1 | 158.6 | 2.8 
| 0.000025 | 13.3 | 0.3 | 16.8 | 0.3 | 17.7 | 3.1 
0.00005 11.6 O06 | 15.6 0.6 16.6 | 2.8 
Kidney* a | | 13.7 4.4 
0.00010 | | 13.9 | 4.2 
0.00025 5.0 0.7 
0.00050 | | | 1 
Heart* 0 | | 
0.000050 11.8 | 0.56 17.0 0.60 17.3 | 8.7 
0.00010 10.0 | 0.74 | 14.9 | 0.82 | 15.4 | 7.6 
0.00025 7.6 | 0.36 8.5 | 0.63 | 
Heart 0 | | «14 | 6.5 
0.00010 | | 13.3 | 5.3 
0.00050 8.1 | 1.2 


* Fed animals. 


under optimal stimulation, oxidative rates were similar in magnitude to 
those observed with short or long chain fatty acids. As divulged in Ex- 
periment 3, the DPNt-stimulated oxidation of phosphatide-bound fatty 
acid was inhibited slightly by ATP addition (Experiment 3) but was en- 
hanced rather than diminished by the presence of glucose. 

However, further experiments with this preparation were discontinued 
when it was found that the phosphatides, even in concentrations less than 
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0.001 mM, exerted a strong inhibition of glucose oxidation and over-all res- 
piration just as did the free fatty acids. It was found that phosphatide, 
added at a level of 0.001 mM to a kidney homogenate oxidizing glucose-C", 
lowered the oxygen consumption and the glucose oxidation by about 30 
per cent, and at 0.005 m almost completely inhibited oxygen consumption 
and glucose oxidation. We consequently resorted to a more ‘‘physiologi- 
cal’’ substrate, the endogenous lipide of tissue. 

Competition between Glucose and Palmitate! of Endogenous Lipides—In 
previous experiments the endogenous lipides of rat tissues were labeled by 


TaBLeE VI 

Oxidation of Phosphatide Palmitate* in Rat Kidney 

The experiment with slices was conducted as described in Table II, with 3.3 gm. 
slices, and those with homogenates as in Table I with 1.0 gm. of homogenized tis- 
sue. The concentration of phosphatide was 0.001 mM. The values are given in micro- 
atoms of palmitate carbon converted to CO. per hour per gm. of dry tissue. Phos- 
phatide was added as an emulsion, prepared by suspending in a small volume of 0.1 
Mm phosphate buffer. 


Experiment No. 


Addition to medium 1 | 


| 
2 | 3 
Slices Homogenate | Homogenate 
| 
34.6 | 27.7 


* See foot-note 1. 


prior feeding of C'-palmitate by stomach tube (9). Slices of these labeled 
tissues, when incubated zn vitro, yielded respiratory CO, the specific 
activity of which was of similar magnitude to that of the tissue fatty acids. 
These findings indicated to us that the major substrates for respiration in 
these tissues were the fatty acids of the endogenous lipides. By using 
this means of labeling, the effect of glucose on the oxidation of the endog- 
enous palmitate of various rat tissues was studied. The results, shown in 
Table VIT, were essentially the same as were those obtained with exogenous 
fatty acids. Though different tissues responded differently to the addition 
of glucose, none displayed a highly preferential utilization of glucose over 

' Though palmitate is the principal labeled fatty acid undergoing catabolism in 


this group of experiments, part of the labeled palmitate administered 7m vivo has un- 
doubtedly been converted to other fatty acids. 
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the endogenous palmitate. In liver homogenate, total respiratory CO, 
was not increased by glucose addition, but its specific activity was in- 
creased 37 per cent; this corresponds to a 37 per cent increase in total 
palmitate oxidation. In kidney, the specific activity of the CO, was not 
raised by the presence of glucose, but the higher yield of COs represented 
a 25 per cent increase in palmitate oxidation. In the two brain homog- 
enates, glucose decreased oxidation 25 and 11 per cent, respectively, with 
no decrease in respiration. In heart, fatty acid oxidation was decreased 
only about 10 per cent, despite the fact that the presence of glucose almost 
doubled the CO. production. These results clearly show that the in- 
creased respiration of tissues which may be brought about by the presence 
of glucose is not necessarily accompanied by markedly decreased fatty 
acid oxidation, though it may be lowered somewhat when glucose is avail- 
able. 


DISCUSSION 


Only a few attempts to establish preferences with regard to utilization 
of fatty acids or carbohydrates by individual tissues are recorded. Edson 
(18), attempting to explain the lowered ketogenesis in liver slices of nour- 
ished as compared with fasted animals, considered the possibility that 
carbohydrates and fatty acids are in competition for the oxygen available 
to the normal liver cell. He found that such substances as glucose, glyc- 
erol, and lactate lowered the endogenous ketogenesis of the liver slice, 
and suggested, on the assumption that ketogenesis reflects the intensity of 
fatty acid oxidation, that, when both substances are present together, 
carbohydrate is normally utilized in preference to fatty acids. Further 
support for this view was provided by Cohen (19), who considered that 
the antiketogenic action of carbohydrates was due to preferential utiliza- 
tion of carbohydrate intermediates which have certain Structural features 
similar to those of fatty acids. Other evidence relating to this concept 
has been discussed by Stadie (4). That the presence of glucose may exert 
a sparing effect on fatty acid oxidation in muscle is indicated by the results 
of Wertheimer and Ben-Tor (20). These investigators found that, when 
rat diaphragm strips were incubated aerobically with glucose-free serum, 
there was an appreciable disappearance of fatty acid from the serum 
lipide. However, no such disappearance occurred when glucose was 
present in the serum in amounts comparable with its concentration in the 
serum of normal animals. The disappearance of fatty acids was inhibited 
also by the presence of pyruvate or acetoacetate in the serum. These re- 
sults suggested a competition between fatty acids and other oxidizable 
substrates in which the latter are ordinarily successful, and they further 
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suggested that glucose would be the substrate of choice for the diaphragm 
of the normal rat. 

Using isotopically labeled fatty acids, Weinhouse ef al. (16) found no 
support for this hypothesis in experiments with liver slices. Neither 
endogenous glycogen of the “fed” liver slice nor exogenous pyruvate 
lowered the oxidation of short chain even carbon fatty acids ranging from 
2to8carbons. Geyer ef al. (10, 21) likewise failed to observe any marked 
differences between liver slices of fed and fasted rats in their ability to 
oxidize emulsified trilaurin, and found also that the simultaneous presence 
of pyruvate increased somewhat the oxidation of octanoate. However, in 
a later publication, Geyer ef al. (22) observed a considerably greater rate 
of palmitate oxidation in liver slices (but not in kidney slices) of fasted as 
compared with fed rats, and also found that pyruvate markedly depressed 
the oxidation of a tripalmitin emulsion in both liver and kidney slices. 
Though these experiments indicated that the oxidation of short chain 
fatty acids was not inhibited by carbohydrate or its intermediates, they 
left uncertain the question whether competition existed between glucose 
and the natural, long chain acids, and they also left undisclosed the be- 
havior of non-hepatic tissues with respect to their preference for fatty 
acid or glucose utilization. 

The present study confirms the findings of our previous work and ex- 
tends the conclusions to other rat tissues, and to the natural, long chain 
palmitic acid. Those experiments conducted with exogenous fatty acids 
are open to the objection that free carboxylate ions, which are not present 
normally in cells, may have interfered with the physiological interplay 
between glucose and fatty acid oxidation, and some justification for this 
view is afforded in the observation that exogenous fatty acids (and phos- 
pholipides) exerted variable inhibitions of glucose oxidation. However, 
this criticism does not apply to those experiments in which the labeled 
fatty acid was combined with the natural lipides of the tissues. The fact 
that tissues utilized approximately the same amounts of their endogenous 
fatty acid for oxidation, regardless of the presence of an abundance of an 
easily oxidizable substrate such as glucose (8), makes it probable that 
fatty acid oxidation is not suppressed in favor of carbohydrate oxidation. 
On the assumption that palmitate behaves metabolically like the other 
fatty acids of the endogenous lipides, the present study provides good 
grounds for the belief that fatty acid catabolism is not in competition with 
glucose for the available oxygen. The data of Table VII demonstrate 
that homogenates of such tissues as kidney, brain, and heart muscle, 
which have been traditionally considered carbohydrate users, do indeed 
oxidize glucose readily and may respond to its presence by markedly 
increasing their respiration, but not necessarily at the expense of fatty 
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acid oxidation. It has already been evident for many years that intact 
animals utilize fat even in the presence of an abundance of carbohydrate 
(23). In the absence of evidence to the contrary, this has been inter- 
preted as being due to exclusive oxidation of fat in certain organs such as 
liver, while exclusive oxidation of glucose is occurring in other organs. 
The results of the present study indicate that rat tissues generally oxidize 
both substrate types simultaneously, and that there is a basal fatty acid 
catabolism occurring generally therein which is probably not influenced 
strongly by the dietary intake of carbohydrate. 


TaBLeE VII 


Effect of Glucose on Oxidation of Endogenous Palmitate of Rat Tissues 


Experimental conditions as described in Table III. Experiments with liver and 
kidney were conducted for 3 hours, glucose concentration, when present, being 
0.001 m. The other experiments were conducted 1 hour with 0.01 M glucose. 


Respiratory carbon dioxide 
Tissue | 4d Glucose absent | Glucose present 

| Specific | Total Specific | Total 

Amount | activity’ Amount | activity 

| pmoles C.p.m. | c.p.m. pmoles | C.p.m. C. p.m. 

es ae | 1.0 | 149 | 104 | 15,500 | 150 | 142 | 21,300 
rrr ae 178 98 17,400 | 241 90 | 21,700 
| 0.5 89 | 240 21,400 | 171 112 | 19,200 
| 48 339 16,300 50 289 14,500 
0.5 | 39 | 139 5,420 | 58 70 | 4,060 


* These are arbitrary values obtained by multiplying the quantity of COs, in 
micromoles by the specific activity in counts per minute. 


SUMMARY 


Various tissues of the rat in the form of slices or whole homogenates 
were allowed to oxidize added C'-labeled fatty acids, both in the absence 
and in the presence of non-labeled glucose, and the degree of substrate 
oxidation was measured by the incorporation of C™ in respiratory CQOb. 
Under no circumstances did the presence of glucose lower the oxidation of 
the added fatty acids, even when its concentration was far higher than 
that of the fatty acid. The oxidation of endogenous palmitic acid of 
tissue lipides was likewise little affected by the presence of glucose. The 
data are taken to indicate that there is a basal fatty acid catabolism occur- 
ring generally in tissues, which is not suppressed by the abundant presence 
of carbohydrate. 
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ABSORPTION AND METABOLISM OF 
CORTISONE-4-C"™ ACETATE 


By BERNADETTE C. BOCKLAGE, E. A. DOISY, Jr., WILLIAM H. ELLIOTT, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis University 
School of Medicine, St. Louis, Missour?) 


(Received for publication, September 2, 1954) 


Previous work in this laboratory with steroids labeled with C™ (1-10) 
has been extended to include the present experiments on the absorption 
and disposition of the radioactive carbon of cortisone-4-C"™ acetate! in the 
rat. Since the conditions of these experiments, z.e. solvent vehicle, strain 
and type of animal studied, operative techniques, method of collection of 
specimens, and C4 assay, did not vary appreciably from past techniques, 
comparison of data obtained in the present studies on cortisone-4-C"™ ace- 
tate with those of the other labeled steroids studied is facilitated. 


EXPERIMENTAL 


A solution of 0.2 mg. (0.24 ue.) of cortisone-4-C™ acetate in 1 ml. of 50 
per cent ethanol or of 0.2 mg. in 0.2 ml. of dibutyl succinate was given 
intragastrically or intramuscularly, respectively, to adult male rats. In 
addition to normal adult rats, other animals studied were prepared either 
by cannulation of the bile duct, the intestinal lymphatic, or the thoracic 
duct, or by ligation of the bile duct. Polythene tubing with a beveled tip 
was used for all cannulations. Rats with intestinal lymphatic fistulas 
were given the compound intragastrically, while rats with cannulated 
thoracic ducts received an intramuscular injection 24 hours postopera- 
tively. Cumulative samples of lymph were taken at the end of 4, 8, 12, 
24, and 48 hours. Excreta and bile were obtained at regular intervals for 
5 days in most cases and C'™ was determined by the procedure already re- 
ported (2). Expired CO. was collected from representative animals in 
metabolism cages similar to those previously described (1). 

RESULTS AND DISCUSSION 

Examination of the expired air of normal rats failed to detect any C™ 
during the 5 day experimental period; this indicates that ring A of radio- 
cortisone is not completely oxidized by the rat to a significant extent. 

! Obtained through the kindness of the Radioactive Steroids Allocations Com- 


mittee of the Endocrinology Study Section, National Institutes of Health, Bethesda 
14, Maryland. 
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936 CORTISONE-4-C™ ACETATE 

Data on the absorption of cortisone-4-C™ acetate are presented in Table 
I. If this hormone were absorbed into the lymphatics from muscle, radio- 
activity in the lymph would have been removed from the animal by the 
thoracic duct fistula. The data show that absorption occurred in this ex- 
periment, but not by the lymphatics, since 42 per cent of the C™ was de- 
tected in the urine and no significant amount in the lymph over 48 hours. 
These data clearly indicate that absorption and transportation occur via 
the blood stream. 

Similarly, a significant amount of C'™ was not detected in intestinal 
lymph after intragastric administration, although 46 per cent was ex- 


TABLE I 


Average Excretion of C™ after Injection of 0.2 Mq. of Cortisone-4-C™ Acetate 
q J q 4 

Per cent of administered C't 

Type of rat* 


Lymph Bile Urine Feces Total 

Thoracie duct fistula, i.cm............. 0 42.0 

Intestinal lymph fistula, 0 45.9 
77.0 9.7 | 1.28 99.6 


* Two rats were used in each of the types of Ivmph fistula experiments; three in 
each of the remaining experiments; i.g. = intragastric administration; i.m. = 
intramuscular administration. 

+ All values are totals for 5 days, except those of the lymph fistula series which are 
for 48 hours. 


creted by the kidney. Consequently, the portal blood must be the route 
of absorption of intragastrically administered radiocortisone. These data 
are analogous to those obtained in previous experiments with 17-methyl- 
C'-estradiol-1768 (2), (9), and carboxy-labeled 
C'-deoxycholic acid (8). 

The daily excretory pattern of C"™ after both routes of injection is de- 
picted in Fig. 1. In every case, the largest area representing total C™ ex- 
cretion occurred during the first 24 hours, although, in the control animals 
of the intramuscular series, the excretion by the major pathway (fecal) 
reached its peak on the 2nd day. 

Total excretion is listed in Table I. As in all similar experiments in 
these laboratories with steroids containing C™, the principal route of ex- 
cretion for C™ is dependent upon the type of the recipient animal. In 
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normal animals, the C™ was present in greatest amounts in fecal matter, 
this C™ reaching the gastrointestinal tract by biliary passage, since rats 
with cannulated bile ducts had greater amounts of C™ in the bile. Inter- 
ruption of biliary excretion, as in the rats with ligated bile ducts, resulted 
in an amount of urinary radioactivity much greater than that present in 
urine of normal animals, this increase in renal excretion approaching the 
amount normally present in bile. 

The rapidity with which C™ was excreted in these experiments is shown 
in Table II. Bile collected from rats in the intragastric and intramuscu- 
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Fig. 1. Daily excretion of radioactivity after administration of 0.2 mg. of corti- 

sone-4-C™ acetate. NC represents normal control rats, DL, rats with ligated bile 

ducts, and BF, animals with bile fistulas. The number of animals in each group is 

listed in parentheses. The C"™ in bile is represented by the clear bar, in urine by the 

vertically lined bar, and in feces by the solid bar. The height of the bar indicates 


the total daily excretion. 


lar series in the first 4 hours of the experiment contained 27.9 and 33.1 per 
cent of the administered C"™, respectively. During the first 12 hours, 
about 60 per cent was present in bile in both series, while approximately 10 
per cent was excreted by the same route over the succeeding 12 hours. 
Only traces of C™ were present in bile after 24 hours and none after 36 
hours, regardless of the route of administration. 

Rapid excretion also occurred in the urine of duct-ligated animals in the 
first 12 hours (Table II). The average for the intragastric group was 53.8 
per cent, in contrast to 31.6 per cent over the same interval by compara- 
ble animals in the intramuscular series. The rate of excretion of C™ after 
administration of cortisone-4-C"™ acetate was significantly faster than that 
of other C"™-steroids studied in our laboratories under these conditions 
with the exception of 17-methyl-C'-estradiol given intramuscularly (2). 
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Data on the absorption of cortisone-4-C™ acetate are presented in Table 
I. If this hormone were absorbed into the lymphatics from muscle, radio- 
activity in the lymph would have been removed from the animal by the 
thoracic duct fistula. The data show that absorption occurred in this ex- 
periment, but not by the lymphatics, since 42 per cent of the C™ was de- 
tected in the urine and no significant amount in the lymph over 48 hours. 
These data clearly indicate that absorption and transportation occur via 
the blood stream. 

Similarly, a significant amount of C™ was not detected in intestinal 
lymph after intragastric administration, although 46 per cent was ex- 


TABLE I 
Average Excretion of C™ after Injection of 0.2 Mq. of Cortisone-4-C™ Acetate 


Per cent of administered C''t 
Type of rat* 
Lymph Bile | Urine Feces Total 


Thoracic duct fistula, i.m............. 0 42.0 

Intestinal lymph fistula, i.g.......... 0 45.9 
ews 77.0 20.7 1.9 99.6 
73.1 14.4 0 87.5 


* Two rats were used in each of the types of lvmph fistula experiments; three in 
each of the remaining experiments; i.g. = intragastric administration; i.m. = 
intramuscular administration. 

t All values are totals for 5 days, except those of the lymph fistula series which are 
for 48 hours. 


creted by the kidney. Consequently, the portal blood must be the route 
of absorption of intragastrically administered radiocortisone. These data 
are analogous to those obtained in previous experiments with 17-methyl- 
C'-estradiol-178 (2), 17a-methyl-C''-testosterone (9), and carboxy-labeled 
C'-deoxycholic acid (8). 

The daily excretory pattern of C™ after both routes of injection is de- 
picted in Fig. 1. In every case, the largest area representing total C™ ex- 
cretion occurred during the first 24 hours, although, in the control animals 
of the intramuscular series, the excretion by the major pathway (fecal) 
reached its peak on the 2nd day. 

Total excretion is listed in Table I. As in all similar experiments in 
these laboratories with steroids containing C™, the principal route of ex- 
cretion for C™ is dependent upon the type of the recipient animal. In 
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normal animals, the C'* was present in greatest amounts in fecal matter, 
this C™ reaching the gastrointestinal tract by biliary passage, since rats 
with cannulated bile ducts had greater amounts of C™ in the bile. Inter- 
ruption of biliary excretion, as in the rats with ligated bile ducts, resulted 
in an amount of urinary radioactivity much greater than that present in 
urine of normal animals, this increase in renal excretion approaching the 
amount normally present in bile. 

The rapidity with which C' was excreted in these experiments is shown 
in Table II. Bile collected from rats in the intragastric and intramuscu- 
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Fig. 1. Daily excretion of radicactivity after administration of 0.2 mg. of corti- 
sone-4-C'4 acetate. NC represents normal control rats, DL, rats with ligated bile 
ducts, and BF, animals with bile fistulas. The number of animals in each group is 
listed in parentheses. The C' in bile is represented by the clear bar, in urine by the 
vertically lined bar, and in feces by the solid bar. The height of the bar indicates 
the total daily excretion. 


lar series in the first 4 hours of the experiment contained 27.9 and 33.1 per 
cent of the administered C"™, respectively. During the first 12 hours, 
about 60 per cent was present in bile in both series, while approximately 10 
per cent was excreted by the same route over the succeeding 12 hours. 
Only traces of C™ were present in bile after 24 hours and none after 36 
hours, regardless of the route of administration. 

Rapid excretion also occurred in the urine of duct-ligated animals in the 
first 12 hours (Table II). The average for the intragastric group was 53.8 
per cent, in contrast to 31.6 per cent over the same interval by compara- 
ble animals in the intramuscular series. The rate of excretion of C™ after 
administration of cortisone-4-C"™ acetate was significantly faster than that 
of other C'-steroids studied in our laboratories under these conditions 
with the exception of 17-methyl-C'-estradiol given intramuscularly (2). 
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It is interesting to note that the percentages of C™ in the urine of con- 
trols after administration of cortisone-4-C™ acetate (Table I) were higher 
than those after administration of physiological amounts of labeled estro- 
gens (2, 7), progesterone (1, 3), androgens (4-6), and even after Com- 
pound A acetate (10) and hydrocortisone (11). 

Fig. 1 shows differences in the rates of excretion of C'™ between the two 
series for both the normal and duct-ligated animals. Since comparable 
amounts were present in the bile collected during the first 4 hours and the 
excretion was almost complete at the end of 36 hours, it appears that 
rates of absorption from the two sites do not differ significantly. There- 
fore, it seems more probable that the differences in rates of excretion may 
not be real differences, but only the result of irregularity in the elimina- 
tion of urine and feces. 


II 


Per Cent of Administered C in Bile and Urine after Intragastric and 
Intramuscular Administration 


Hrs. after administration 


0-4 4-8 8-12 12-24 24-36 30-48 
Bile of bile fistulas, i.g................... 27.9* 24.3 10.0 12.5 2.3 
Urine of duct-ligated rats, i.g............ 53.8f 26.2 8.9 7.1 
4.2 


* Mach figure represents an average value for three rats. 
t Cumulative samples collected from 0 to 12 hours. 


Reabsorption of some biliary C™ from the intestine was indicated by 
differences in levels of C™ in the urine of normal rats, about 40 per cent in 
both series, and in urine of rats with cannulated bile ducts from 15 to 20 
per cent. The former would include some of the recycled metabolites 
reaching the general circulation. In addition, total C™ in bile (77 and 73 
per cent) of rats with bile fistulas differed from those in feces (56 and 59 
per cent) of control rats, thus supporting the concept of some entero- 
hepatic circulation of cortisone-4-C™ acetate or its metabolites. By simi- 
lar techniques, Hyde and Williams (12) have suggested the same _ phe- 
nomenon for hydrocortisone in the rat. 

Enterohepatic circulation has been directly demonstrated for the me- 
tabolites of testosterone-4-C™ (4), of 17a-methyl-C"-testosterone (9), and 
of cholesterol-4-C"™ (13) by refeeding bile to rats with bile fistulas. Brad- 
low et al. (14), in their cortisone-T studies in mice, suggest reabsorption 
of cortisone from the intestine since ‘‘much of the hormone or its metab- 
olites rapidly reaches the gastrointestinal tract and yet so large a portion 
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is eventually excreted in urine.’”” Apparently the degree of enterohepatic 
circulation is much more extensive for bile acids and cholesterol than for 
steroid hormones. Matschiner ef al. (8) have shown that the C™ of car- 
boxy-labeled C'-deoxycholie acid is excreted approximately 10 times more 
rapidly in bile than in feces. Siperstein and Chaikoff (15) also observed 
a much slower fecal than biliary excretion of the C™ of cholesterol-4-C™. 


SUMMARY 


The C"™ of cortisone-4-C™ acetate is not absorbed by the intestinal lym- 
phatic system, or by the peripheral lymphatics, after enteral or intramus- 
cular administration into the rat under these experimental conditions. 
There is rapid appearance of radioactivity in bile after either intramuscu- 
lar or intragastric injection of the compound, indicating rapid absorption 
from both sites. About 75 per cent of the administered C'™ was present in 
the bile, about 60 per cent in the feces of normal rats, and 90 per cent in 
the urine of animals with ligated bile ducts. No significant amount of 
C' was detected in feces of animals with biliary surgery after either method 
of administration or in the expired air of the control series. 
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PYRIDINE NUCLEOTIDE TRANSHYDROGENASE 


VI. MECHANISM AND STEREOSPECIFICITY OF THE REACTION 
IN PSEUDOMONAS FLUORESCENS* 


By ANTHONY SAN PIETRO,t NATHAN O. KAPLAN, Aanp 
SIDNEY P. COLOWICK 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, July 30, 1954) 


It has been reported previously (1) that the enzyme, transhydrogenase, 
of Pseudomonas fluorescens catalyzes a reaction between reduced and oxi- 
dized pyridine nucleotides. Studies of the nature of the products from 
the reaction between TPNH! and DPN labeled with C'-nicotinamide, 
which was shown by Kaplan ef al. (2) to proceed as follows 


(1) TPNH + C'-DPN — TPN + C!-DPNH 


established unequivocally that either a hydrogen or electron transfer was 
involved in this reaction. The possibility of a transfer of the monoester 
phosphate group or an exchange of reduced and oxidized nicotinamide- 
containing moieties (nucleoside, nucleotide, etc.) was ruled out by this 
and other experiments. There still remained, however, the problem of dis- 
tinguishing experimentally between the hydrogen and electron transfer 
mechanisms. 

An approach to this problem was suggested by the work of Westheimer 
et al. (3) in which they demonstrated, with deuterium as a tracer, that the 
oxidation of ethanol by DPN, in the presence of yeast ADH, occurred by 
a direct transfer of hydrogen from alcohol to DPN. The same group later 
extended these studies and were able to show that the reaction was steri- 
cally specific with respect to both DPN (4) and ethanol (5). We have used 
this labeling technique to study the mechanism and stereospecificity of the 
bacterial transhydrogenase reaction. 


* Contribution No. 92 of the MceCollum-Pratt Institute. Aided by grants from the 
American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Rockefeller Foundation, and the Williams-Water- 
man Fund. 

t Aided by a fellowship from the National Foundation for Infantile Paralysis. 

1The following abbreviations will be used: DPN, diphosphopyridine nucleo- 
tide; TPN, triphosphopyridine nucleotide; DPNH and TPNH, the reduced forms; 
DPN(D) and TPN(D), oxidized deuterio-DPN and oxidized deuterio-TPN ; DPND 
and TPND, reduced deuterio-DPN and reduced deuterio-TPN; Tris, tris(hydroxy- 
methyl)aminomethane; ADH, alcohol dehydrogenase. 
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One of the reactions studied with the bacterial enzyme was the oxida- 
tion of chemically reduced deuterio-TPN by DPN. The results of these 
studies were consistent with the view that the reaction catalyzed by trans- 
hydrogenase occurred by a direct hydrogen transfer between reduced and 
oxidized nucleotides. Studies on the stereochemical configuration of the 
reduced deuterio-DPN showed that this product was different from that 
formed in the yeast ADH system, with respect to its behavior upon enzy- 
matic oxidation with yeast ADH and acetaldehyde, as well as upon chemi- 
cal oxidation with neutral ferricyanide. The transhydrogenase product, 
in contrast to the yeast ADH product, did not lose all of its deuterium upon 
enzymatic oxidation. Furthermore, the transhydrogenase product showed 
the same retention of deuterium upon enzymatic or chemical oxidation. 


(2) 


FORM A FORM B 


Fic. 1. Stereoisomers of reduced deuteriopyridine nucleotides. As defined here, 
Form A, containing deuterium on Side 1 of the pyridine ring, corresponds to the 
product of the reaction with yeast ADIL and 1,1-dideuterioethanol. Form B is the 
opposite stereoisomer. 


On the basis of this latter finding, we expressed the view that the trans- 
hydrogenase appeared to exhibit a lack of stereospecificity (6); that is, that 
the reduced deuterio-DPN formed in this reaction consisted of an equal 
mixture of two stereoisomers. One of these (Form A) would be identical 
to that formed by yeast ADH and 1, 1-dideuterioethanol; the other (Form 
B) would have the opposite configuration (Fig. 1). This conclusion was 
based on the assumption of a lack of stereospecificity in the chemical oxi- 
dation process. Subsequent experiments on the stereochemistry of the 
chemical oxidation, presented below, revealed that whereas Form A. re- 
tains about 50 per cent of its deuterium, Form B retains essentially all of 
its deuterium upon chemical oxidation. This finding suggested that the 
transhydrogenase product was not an equal mixture of Forms A and B, 
but rather consisted solely of Form B. These results, therefore, indicated 
that the transhydrogenase reaction had occurred in a stereospecific man- 
ner, but that the stereospecificity exhibited by this enzyme was opposite to 
that of yeast ADH. Additional experimental evidence in support of this 
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latter hypothesis has been obtained independently of the above consid- 
erations and will be presented below. In this paper, all of the results 
have been calculated on the basis that the stereospecificity exhibited by 
transhydrogenase is opposite to that of yeast ADH. 


Methods and Materials 


DPN was purchased from either the Sigma Chemical Company or the 
Pabst Laboratories and TPN from the Sigma Chemical Company. dl- 
Isocitrate (as the trisodium salt) was purchased from the H. M. Chemical 
Company. Oxidized glutathione and 2’-adenylic acid were obtained from 
the Schwarz Laboratories. 

Chemically reduced deuterio- DPN and deuterio-TPN were prepared by 
reduction of the oxidized nucleotide with sodium hydrosulfite in 99.5 per 
cent deuterium oxide,’ as described by Pullman et al. (7). Enzymatically 
reduced deuterio-DPN was prepared by means of yeast ADH and 1,1- 
dideuterioethanol.? Crystalline yeast ADH was prepared by the method 
of Racker (8). 

The transhydrogenase was purified as described previously (9). The 
DPNase was a purified enzyme which was obtained from zinc-deficient 
Neurospora according to the method of Kaplan eft al. (10). The TPN-spe- 
cific isocitric dehydrogenase was obtained from an acetone powder of pig 
heart and was fractionated essentially as described by Grafflin and Ochoa 
(11). <A glutathione reductase from peas specific for reduced TPN has 
been described by Mapson and Goddard (12). It was partially purified as 
described previously (13). 

The general experimental procedures used in these studies have been 
described in detail by Pullman e¢ al. (7). All deuterium analyses were car- 
ried out on crystalline samples of nicotinamide derived from cleavage of the 
oxidized nucleotides with DPNase. The separation of DPN and TPN by 
means of column chromatography was based on the method of Kornberg 
and Horecker (14). 


Results 


Stereochemistry of Chemical Oxidation of Reduced Deuterio-DPN*—The 
method employed here for analysis for deuterium in reduced pyridine 


2 The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 

3’ The authors are indebted to Dr. Frank H. Westheimer, Dr. Frank A. Loewus, and 
Dr. Birgit Vennesland for making their laboratory facilities available to us for the 
preparation of the 1,1-dideuterioethanol. It was prepared according to the pro- 


cedure of Fisher et al. (4). 
* These experiments were carried out in collaboration with Dr. Maynard E., Pull- 
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One of the reactions studied with the bacterial enzyme was the oxida- 
tion of chemically reduced deuterio-TPN by DPN. The results of these 
studies were consistent with the view that the reaction catalyzed by trans- 
hydrogenase occurred by a direct hydrogen transfer between reduced and 
oxidized nucleotides. Studies on the stereochemical configuration of the 
reduced deuterio-DPN showed that this product was different from that 
formed in the yeast ADH system, with respect to its behavior upon enzy- 
matic oxidation with yeast ADH and acetaldehyde, as well as upon chemi- 
cal oxidation with neutral ferricyanide. The transhydrogenase product, 
in contrast to the yeast ADH product, did not lose all of its deuterium upon 
enzymatic oxidation. Furthermore, the transhydrogenase product showed 
the same retention of deuterium upon enzymatic or chemical oxidation. 


(2) 
D H 


FORM A FORM B 


Fic. 1. Stereoisomers of reduced deuteriopyridine nucleotides. As defined here, 
Form A, containing deuterium on Side 1 of the pyridine ring, corresponds to the 
product of the reaction with yeast ADH and 1,1-dideuterioethanol. Form B is the 
opposite stereoisomer. 


On the basis of this latter finding, we expressed the view that the trans- 
hydrogenase appeared to exhibit a lack of stereospecificity (6); that is, that 
the reduced deuterio-DPN formed in this reaction consisted of an equal 
mixture of two stereoisomers. One of these (Form A) would be identical 
to that formed by yeast ADH and 1, 1-dideuterioethanol; the other (Form 
B) would have the opposite configuration (Fig. 1). This conclusion was 
based on the assumption of a lack of stereospecificity in the chemical oxi- 
dation process. Subsequent experiments on the stereochemistry of the 
chemical oxidation, presented below, revealed that whereas Form A re- 
tains about 50 per cent of its deuterium, Form B retains essentially all of 
its deuterium upon chemical oxidation. This finding suggested that the 
transhydrogenase product was not an equal mixture of Forms A and B, 
but rather consisted solely of Form B. These results, therefore, indicated 
that the transhydrogenase reaction had occurred in a stereospecific man- 
ner, but that the stereospecificity exhibited by this enzyme was opposite to 
that of yeast ADH. Additional experimental evidence in support of this 
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latter hypothesis has been obtained independently of the above consid- 
erations and will be presented below. In this paper, all of the results 
have been calculated on the basis that the stereospecificity exhibited by 
transhydrogenase is opposite to that of yeast ADH. 


Methods and Materials 


DPN was purchased from either the Sigma Chemical Company or the 
Pabst Laboratories and TPN from the Sigma Chemical Company. dl- 
Isocitrate (as the trisodium salt) was purchased from the H. M. Chemical 
Company. Oxidized glutathione and 2’-adenylic acid were obtained from 
the Schwarz Laboratories. 

Chemically reduced deuterio-DPN and deuterio-TPN were prepared by 
reduction of the oxidized nucleotide with sodium hydrosulfite in 99.5 per 
cent deuterium oxide,? as described by Pullman et al. (7). Enzymatically 
reduced deuterio-DPN was prepared by means of yeast ADH and 1,1- 
dideuterioethanol.? Crystalline yeast ADH was prepared by the method 
of Racker (8). 

The transhydrogenase was purified as described previously (9). The 
DPNase was a purified enzyme which was obtained from zinc-deficient 
Neurospora according to the method of Kaplan et al. (10). The TPN-spe- 
cific isocitrice dehydrogenase was obtained from an acetone powder of pig 
heart and was fractionated essentially as described by Graffin and Ochoa 
(11). <A glutathione reductase from peas specific for reduced TPN has 
been described by Mapson and Goddard (12). It was partially purified as 
described previously (13). 

The general experimental procedures used in these studies have been 
described in detail by Pullman eé al. (7). All deuterium analyses were car- 
ried out on crystalline samples of nicotinamide derived from cleavage of the 
oxidized nucleotides with DPNase. The separation of DPN and TPN by 
means of column chromatography was based on the method of Kornberg 
and Horecker (14). 


Results 


Stereochemistry of Chemical Oxidation of Reduced Deuterio-DPN*—The 
method employed here for analysis for deuterium in reduced pyridine 


2 The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Knergy Commission. 

3 The authors are indebted to Dr. Frank H. Westheimer, Dr. Frank A. Loewus, and 
Dr. Birgit Vennesland for making their laboratory facilities available to us for the 
preparation of the 1,1-dideuterioethanol. It was prepared according to the pro- 


cedure of Fisher et al. (4). 
4 These experiments were carried out in collaboration with Dr. Maynard E. Pull- 
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nucleotides consists in chemical or enzymatic oxidation of the latter, fol- 
lowed by cleavage of the oxidized nucleotides with DPNase and analysis 
of the resulting nicotinamide for deuterium (7). While the stereospecific- 
ity of enzymatic oxidation with acetaldehyde and yeast ADH is well es- 
tablished (4, 7), an investigation of the stereochemistry of chemical oxida- 
tion was essential in order to permit interpretation of the analytical data. 

Reduced deuterio-DPN (Form A), prepared by reduction of DPN with 
1, 1-dideuterioethanol and yeast ADH, retains about 50 per cent of its 
deuterium after chemical oxidation to DPN with neutral ferricyanide 


TABLE I 


Results of Chemical and Enzymatic Oxidation of Reduced Deuterio-DPN 
(Forms A and B) 


Reduced deuterio-DPN 


Experiment No. | | Mode of oxidation Per 
1 | A* | Chemical | 67T 
| | Knzymatice 3t 
2 | At | Chemical | 46 
| | Enzymatic | 3 
3 A* Chemical 49 
4 | B§ + | 90 
Enzymatic 100 


* Assumed to contain 1 atom of deuterium per molecule. 

+ Data from Pullman et al. (7). 

t Contained 0.67 atom of deuterium per molecule by direct analysis as described 
by Fisher et al. (4). 

§ Prepared by enzymatic reduction of the oxidized deuterio-DPN formed in Ex- 
periment 3; contained 0.49 atom of deuterium per molecule, assuming that no deu- 
terium was lost on enzymatic oxidation. 


(Table I, Experiments 1 to 3). This figure is approximate; three separate 
determinations have given values of 67 per cent (7), 49 per cent, and 46 
per cent. Assuming the probable existence of an isotope effect (15, 16) 
in this oxidation, 7.e. that the C—D bond is less susceptible to oxidation 
than the C—H bond, one would have expected a preferential retention of 
deuterium. It appeared, therefore, that there had been a preferential at- 
tack of ferricyanide on that side of the pyridine ring having the C—D 
bond, z.e. Side 1. A preference for Side 1 opposed by an isotope effect of 
equal magnitude in favor of Side 2 would account for the observed results. 

In order to confirm this conclusion, oxidized DPN containing deuterium 
(7) was reduced with yeast ADH and unlabeled alcohol, thereby yielding 
reduced DPN (Form B) in which the deuterium was on the opposite side 
of the pyridine ring, 7.e. Side 2. If chemical oxidation were now to show a 
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preference for Side 1, this combined with an isotope effect favoring Side 1 
should lead to a retention of essentially all of the deuterium.' This result 
would be practically indistinguishable from that expected upon enzymatic 
oxidation with acetaldehyde and yeast ADH, which has been shown to be 
completely specific for Side 1 and would therefore lead to 100 per cent re- 
tention of deuterium. 

The results of such an experiment are reported in Table I, Experiment 
4. The DPN samples resulting from chemical and enzymatic oxidation 
were practically identical in deuterium content. One may conclude that, 
when reduced pyridine nucleotides contain deuterium on Side 2, both 
chemical and enzymatic oxidation will lead to essentially complete re- 
tention of deuterium, whereas, when they contain deuterium on Side 1, 
chemical oxidation will lead to about 50 per cent retention, while enzymatic 
oxidation will of course result in zero retention of deuterium. These fac- 
tors were therefore used in calculating the results of the experiments which 
follow. It is of some interest to note that the preference of chemical oxi- 
dation for Side 1 is in line with the fact that chemical reduction with dithio- 
nite also shows some preference for Side 1 (4, 7). 

Transhydrogenase-Catalyzed Reaction between Chemically Reduced Deu- 
terto-T PN and Oxidized DPN—Analyses of the reduced DPN and oxidized 
TPN formed in this reaction are presented in Table I]. The DPN sam- 
ples obtained after chemical or enzymatic oxidation of the reduced DPN 
were essentially equal in deuterium content. From the considerations in 
the previous section one may conclude that the reduced deuterio-DPN 
formed in the transhydrogenase reaction contained deuterium on Side 2 
only. If an appreciable amount of deuterium had been on Side 1, the value 
after enzymatic oxidation would have been less than that after chemical 
oxidation. Therefore, the results not only demonstrate that the trans- 
hydrogenase reaction involves a direct hydrogen transfer, but also support 
the view that the enzyme is stereospecific for Side 2, in contrast to certain 
dehydrogenases (4, 17) which are specific for Side 1. The earlier conclu- 
sion from these data, namely that the transhydrogenase exhibits a lack of 
stereospecificity (6), was based on a misconception of the stereochemistry 
of the chemical oxidation process, as pointed out above. 

Some of the quantitative aspects of the experiment in Table II are worth 
noting. The chemically reduced deuterio-TPN would be expected, by 
analogy with chemically reduced DPN (7), to be about 70 per cent in the 
form containing deuterium on Side 1 and about 30 per cent in the form . 
containing deuterium on Side 2. After the transhydrogenase reaction 
had proceeded to equilibrium by a reaction completely specific for Side 2, 


5 The authors are grateful to Dr. Frank H. Westheimer for bringing these con- 
siderations to our attention. 


is | 

| 

| 

| 


946 TRANSHYDROGENASE. VI 


the oxidized TPN should consist of 70 per cent deuterio-TPN and 30 per 


cent unlabeled TPN, while the reduced DPN should consist of 30 per cent 
DPND and 70 per cent DPNH. The results in the last column of Table 
II are in good agreement with this expectation. The reduced DPN, ana- 


TaBLeE II 


Reaction between Chemically Reduced Deuterio-TPN and Oxidized DPN 
TPND + DPN — DPND + TPN(D) 

The complete system contained 14.2 ymoles of TPND, 45.5 umoles of DPN, about 
1000 units of transhydrogenase, and 0.067 mM Tris buffer, pH 7.5, in a total volume of 
7.5ml. Incubation for 60 minutes at 37°. After incubation, the reaction mixture, 
which contained 10.8 ymoles of reduced DPN, was divided into two approximately 
equal fractions. One fraction was treated with neutral ferricyanide to oxidize the 
reduced nucleotides chemically, whereas the reduced nucleotides in the second frac- 
tion were oxidized enzymatically with yeast ADH and acetaldehyde. In each ease, 
the total oxidized nucleotide fraction was precipitated with acid-acetone and col- 
lected by centrifugation. An aqueous solution of the oxidized nucleotides was 
placed on a Dowex 1 formate column and the DPN and TPN fractions separated by 
elution with 0.1 mM formic acid-sodium formate buffer and 0.1 m HNOs, respectively. 
Kach nucleotide fraction was then precipitated with acid-acetone either directly or 
after a known dilution with unlabeled oxidized nucleotide. The precipitates were 
dissolved in 0.05 m sodium acetate, cleaved with Neurospora DPNase, and the re- 
sulting nicotinamide was diluted by a known factor with unlabeled nicotinamide. 
The nicotinamide was isolated by crystallization from benzene and analyzed for 
deuterium in the usual manner. 

The deuterium content of the nicotinamide, expressed as atoms of deuterium per 
molecule, is identical to the deuterium content, expressed similarly, of the oxidized 
nucleotide from which it was derived (7). For nicotinamide, a deuterium content of 
1 atom of deuterium per molecule corresponds to a value of 16.7 atoms per cent 
excess. 


Deuterium content 


Nucleotide formed | Mode of oxidation © Dilution factor | Si 
_ Atom per cent Atom per mole- 
| excess* | culet 
Reduced DPN Enzymatic 4.6 | 
4 Chemical 5.6 | 0.17 0.24 


Oxidized TPN Knzymatic 32.4 | 0.33 | 0.64 
* Experimental values. 
+t Values corrected for dilution (see the text). 


lyzed after enzymatic oxidation with acetaldehyde and yeast ADH (which 
should remove no deuterium), contained 0.3 atom of deuterium per mole- 
cule, while the deuterium content of oxidized TPN was 0.64 atom per 
molecule. 

A few comments are necessary to explain dilution factors employed in 
calculating the results. The dilution factors listed in Table II refer tc 
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the extent of dilution of the oxidized nucleotide fractions by added un- 
labeled nucleotide or nicotinamide in the course of isolation. An addi- 
tional dilution factor, not shown in Table II, was used to arrive at the final 
values for reduced DPN in the last column. This factor, used to correct 
for dilution by oxidized DPN remaining in the transhydrogenase reaction 
mixture, was 45.5/10.8 or 4.2 in this case. It is of course assumed, in 
applying this factor, that any oxidized DPN remaining in the reaction mix- 
ture will be unlabeled, and this assumption is valid for a system exhibiting 
strictly stereospecific hydrogen transfer. 

In the case of the value for oxidized TPN, there was no need to apply 
this kind of additional dilution factor. The only oxidized TPN present 
after “enzymatic oxidation” was that formed via the transhydrogenase 
reaction, since the acetaldehyde-yeast ADH system used for enzymatic 
oxidation is DPN-specific and does not oxidize reduced TPN detectably 
under the conditions employed. 

Transhydrogenase-Catalyzed Reaction between Chemically Reduced Deu- 
terio-DPN and Oxidized TPN—Analyses of the oxidized DPN and reduced 
TPN formed in this reaction are presented in Table III. The observed 
values of 0.63 and 0.38 atoms of deuterium per molecule, respectively, are 
in fairly good agreement with the values expected for a direct transfer of 
hydrogen specific for Side 2, when the starting material consists of two 
kinds of reduced deuterio-DPN, about 70 per cent having the deuterium 
on Side 1 and about 30 per cent having the deuterium on Side 2. 

It should be noted that in this experiment the oxidized DPN was not 
separated from oxidized TPN present in the reaction mixture prior to 
analysis. Instead, a dilution factor, not reported in Table III, of 51/19 or 
2.7, was applied to correct for the degree of dilution of labeled oxidized 
DPN by unlabeled oxidized TPN. The assumption that any oxidized 
TPN present in the reaction mixture will be unlabeled is valid, provided 
that the enzymatic reaction is stereospecific. 

No additional dilution factor was required for the reduced deuterio- 
TPN formed in the reaction mixture, since the reduced TPN and reduced 
DPN fractions were separated chromatographically after chemical oxida- 
tion. Finally, it should be noted that, while the value of 0.38 atom of 
deuterium per molecule is not a direct measure of deuterium in the re- 
duced TPN, it is essentially that, since chemical oxidation of reduced TPN 
containing deuterium only on Side 2 would not be expected to remove an 
appreciable amount of deuterium. 

Transhydrogenase-Catalyzed Reaction between Enzymatically Formed Re- 
duced Deuterio-TPN and Oxidized DPN—This is essentially the same as 
the first reaction which was described with the exception that the reduced 
deuterio-TPN was formed enzymatically rather than chemically. A cata- 
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lytic amount of TPN was used for the enzymatic reduction of DPN by 
isocitrate in the following manner. Reduced deuterio-TPN, which was 
continuously generated by the isocitric dehydrogenase system from pig 
heart in heavy water,’ was oxidized with excess DPN and transhydro- 
genase. The deuterium content of the reduced DPN formed during the re- 
action was determined as described in Table IV. It can be seen that the 
labeled oxidized DPN, resulting from either chemical or enzymatic oxida- 


TABLE III 


Reaction between Chemically Reduced Deuterio-DPN and Oxidized TPN 
DPND + TPN — TPND + DPN(D) 

The complete system contained 145 wmoles of DPND, 51 uwmoles of TPN, ap- 
proximately 1200 units of transhydrogenase, 27 wmoles of 2’-adenylie acid, and 0.07 
M Tris buffer, pH 7.5, in a total volume of 8.7 ml. Incubation for 120 minutes at 37°. 
The formation of reduced TPN was followed spectrophotometrically by measuring 
the decrease in absorption at 340 my on addition of glutathione reductase and oxi- 
dized glutathione. After incubation, the pH of the reaction mixture, which con- 
tained 19 umoles of reduced TPN, was adjusted to pH 9.5 and the solution heated at 
100° for 2 minutes. The precipitated protein was removed and the oxidized nucleo- 
tides cleaved with Neurospora DPNase. The reaction mixture was again heated at 
100° for 2 minutes, after which time the reduced nucleotides were oxidized chemically 
with ferricyanide. The solution was placed on a Dowex 1 formate column and the 
nicotinamide, DPN, and TPN fractions separated by elution with water, 0.1 m formic 
acid-sodium formate buffer, and 0.1 mM HNOs:, respectively. These fractions were 
treated as described in Table IT. 


Deuterium content 


Nucleotide formed Mode of oxidation factor 
Atom per cent | Atom per mole- 
| excess* culet 
Oxidized DPN | 6 | 0.65 0.63 


Reduced TPN Chemical | 64 | 0.10 | 0.38 
* Experimental values. 
t Values corrected for dilution (see the text). 


tion of the reduced DPN, contained the same amount of deuterium, namely 
0.2 atom of deuterium per molecule. This finding is in support of the hy- 
pothesis that the transhydrogenase is stereospecific for Side 2... As pointed 
out above, the reduced DPN formed during the reaction would be expected 
to contain the same amount of deuterium as the oxidized DPN derived 
from it by chemical or enzymatic oxidation. 

The value of 0.2 atom of deuterium per molecule is in agreement with 

6 The mechanism whereby deuterium enters the reduced TPN in this reaction is 


currently being investigated. The possibility that the action of aconitase is respon- 
sible for this incorporation is under investigation. 
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that expected for a reaction carried out in 50 per cent heavy water, assum- 
ing an isotope effect of about 4:1. 

It should be noted that in this experiment the unlabeled oxidized DPN 
was not removed from the reaction mixture prior to oxidation of the re- 
duced DPN. The unlabeled oxidized DPN served, therefore, to dilute by 
a known factor the labeled oxidized DPN. This dilution factor, which is 
not included in Table IV, was 148/76.5 or 1.94. 

Transhydrogenase-Catalyzed Reaction between Enzymatically Reduced Deu- 
terio-DPN (Form A) and Oxidized DPN—The results of the isotope meas- 


TABLE IV 
Reaction between Enzymatically Reduced Deuterio-TPN and Oxidized DPN 


The complete system contained 148 ymoles of DPN, 6 wmoles of TPN, 250 umoles 
of sodium dl-isocitrate, approximately 1000 units of transhydrogenase, 10 ml. of 
99.5 per cent deuterium oxide, 1 ml. of the TPN-specific isocitric dehydrogenase, and 
0.1 m phosphate buffer, pH 7.5, in a total volume of 20 ml. Incubation for 90 minutes 
at 37°. After incubation, the reaction mixture, which contained 76.5 umoles of re- 
duced DPN, was divided into two approximately equal fractions. The reduced 
nucleotides present in the first fraction were oxidized chemically, whereas those 
present in the second fraction were oxidized enzymatically. After oxidation, in each 
case, the solution was placed on a Dowex 1 formate column and the DPN isolated. 
These DPN fractions were treated as described in Table II. 


| | Deuterium content 


Nucleotide formed of oxidation factor 
| _ Atom per cent Atom per mole- 
| excess* | cule 
Reduced DPN Chemical | 2.6 0.66 0.20 
| Enzymatic | 2.9 | 0.20 


* Experimental values. 
t Values corrected for dilution (see the text). 


urements for this experiment are presented in Table V. It can be seen 
that the oxidized DPN contained 0.34 atom of deuterium per molecule, 
whereas the DPN resulting from enzymatic oxidation of the reduced DPN 
was practically devoid of deuterium. This latter result, that the reduced 
DPN lost all of its deuterium upon enzymatic oxidation, demonstrated 
that the reduced DPN maintained its original stereochemical configuration 
during the reaction. From the isotope distribution in the oxidized and 
reduced DPN, as well as the stereochemical configuration of the reduced 
DPN, one can deduce the nature of the stereospecificity exhibited by trans- 
hydrogenase. If the stereospecificity exhibited by transhydrogenase were 
identical to that of yeast ADH, the oxidized DPN would never have con- 
tained any deuterium. Had the transhydrogenase exhibited a lack of 
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stereospecificity, the reduced DPN would not have maintained its original 


stereochemical configuration. The experimental results clearly indicate | 


that the transhydrogenase could not have exhibited either of these two 


TABLE V 
Reaction between Enzymatically Reduced Deuterio-DPN (Form A) and Oxidized DPN 


The complete system contained 105 umoles of DPND (0.67 atom of deuterium per 
molecule), 15 umoles of DPN, 350 units of transhydrogenase, 72 umoles of 2’-adenylic 
acid, and 0.1 M phosphate buffer, pH 7.5, in a total volume of 5 ml. Incubation for 
80 minutes at 37° in an evacuated Thunberg tube. Anaerobic conditions were used 
in order to minimize the possibility of oxidation of the reduced DPN by mechanisms 
other than transhydrogenase. After incubation, the oxidized DPN was cleaved 
with Neurospora DPNase and the reaction mixture heated for 2 minutes at 100°. 
After removal of the precipitated protein, the reduced DPN was oxidized enzymati- 
cally. The solution was placed on a Dowex 1 formate column and the nicotinamide 
and DPN fractions separated. The nicotinamide was isolated as described in Table 
II. The DPN was precipitated with acid-acetone, cleaved with Neurospora DP Nase, 
and the resulting nicotinamide isolated as indicated in Table IT. 


Deuterium content 


Nucleotide formed Mode of oxidation | Dilution factor oe : zis 
Atom per cent Atom per mole- 
| excess* 

Oxidized DPN 16.3 0.35 0.34 


Reduced Knzymatie | 15.9 0.03 | 0.03 
* Experimental values. 
t Values corrected for dilution. 
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Fig. 2. Stereospecificity of transhydrogenase 


types of stereospecificity ; that is, either a stereospecificity identical to that 
of yeast ADH or a lack of stereospecificity. These findings conclusively 
demonstrate that the stereospecificity exhibited by transhydrogenase is 
opposite to that of yeast ADH, as shown in Fig. 2, which illustrates the 
changes occurring at carbon 4 of the pyridine ring. 
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DISCUSSION 


It has been possible, with deuterium as a tracer, to demonstrate unequiv- 
ocally that the mechanism of the reaction catalyzed by Pseudomonas 
transhydrogenase involves a direct hydrogen transfer rather than an elec- 
tron transfer. This finding, however, does not provide any direct informa- 
tion concerning the intimate details of the mechanism or the nature of the 
chemical species which is actually transferred. It does, however, exclude 
from consideration all mechanisms which require or allow hydrogen to 
exchange with the medium. There are several possible mechanisms which 
might be compatible with this finding. One such possible mechanism 
would involve a reversible hydrogen transfer from nucleotide to the en- 
zyme and then from the enzyme to a 2nd nucleotide molecule. This 
mechanism would involve a reduced enzyme as an intermediate. While 
it may be possible that the enzyme could be reduced in such a manner as 
to contain non-exchangeable deuterium, it does not appear to be very 
likely, since this mechanism appears to have been ruled out in the case of 
certain dehydrogenases (2, 18). A more probable mechanism would in- 
volve a direct interaction between two pyridine nucleotides which are 
simultaneously bound on the surface of the enzyme. 

The spatial arrangement of the nucleotides on the enzyme surface would 
determine the stereospecificity exhibited by the enzyme. The various 
types of stereospecificity an enzyme might be expected to exhibit, relative 
to yeast ADH, can be classified as follows: (a) identical to yeast ADH; 
(b) opposite to yeast ADH; (c) a lack of stereospecificity. In the case of 
Pseudomonas transhydrogenase, it has been possible to eliminate possi- 
bilities (a) and (c) and demonstrate that possibility (b) is the correct one. 

Thus far, the pyridine nucleotide-linked enzymes studied have fallen 
into categories (a) or (b). Lactic dehydrogenase from beef heart has been 
shown to exhibit the same stereospecificity as yeast ADH (17). Talalay, 
Loewus, and Vennesland found that a 8-hydroxysteroid dehydrogenase 
from certain species of Pseudomonas, like the transhydrogenase investi- 
gated here, exhibits a stereospecificity opposite to that of yeast ADH (19). 

The authors are indebted to Dr. David Rittenberg for the isotope analy- 
ses listed in Tables II and III, and to Dr. Theodore Enns and Dr. Sus- 
anne von Schuching, working under Veterans Administration contract No. 
V1001M-527, for their cooperation in obtaining the data presented in 
Tables I, IV, and V. We also wish to thank Mr. Francis E. Stolzenbach 
for the enzyme preparations used in this study. 


SUMMARY 


Experiments have been described, with deuterium as a tracer, which 
indicate that the reaction catalyzed by the pyridine nucleotide transhydro- 
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genase from Pseudomonas fluorescens involves a direct hydrogen transfer 
rather than electron transfer. In addition, the stereospecificity exhib- 
ited by this enzyme has been shown to be opposite to that of yeast alcohol 


dehydrogenase. 
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CONVERSION OF ACETATE-1-C"% TO TRYPTOPHAN IN 
AEROBACTER AEROGENES* 


By MAX E. RAFELSON, Jr. 


(From the Department of Biological Chemistry, University of Illinois College of 
Medicine, Chicago, Illinois) 


(Received for publication, July 23, 1954) 


A previous communication (1) described a preliminary study of the 
biosynthesis of tryptophan in Aerobacter aerogenes cultivated on acetate- 
1-C"™ as the sole source of carbon. It was not possible by the previous 
method of degradation to determine the labeling sequence in the pyrrole 
ring of tryptophan. The data indicated that 1 or 2 of the carbon atoms 
of the pyrrole ring had an ultimate origin from the carboxyl carbon atom 
of acetate. The degradation method for tryptophan presented here 
allows the determination of the isotope content of each of the tryptophan 
carbon atoms. ‘The present communication reports the results of a total 
degradation of a sample of tryptophan isolated from A. aerogenes which 
had been grown on acetate-1-C' as the only source of carbon. 


EXPERIMENTAL 


The tryptophan used in this experiment was a portion of that isolated 
from the large scale cultivation of A. aerogenes previously reported (1). 
The details of the bacterial cultivation on acetate-1-C™ as the sole source 
of carbon, and of the isolation of tryptophan as the azobenzene-4-sulfonate 
derivative, have been reported in the previous paper of this series. 

Degradation Procedure—TVhe individual carbon atoms or groups of 
carbon atoms were converted to carbon dioxide and isolated as barium 
carbonate. The barium carbonate preparations are designated as Ccoon; 
C., C5.7, ete., the suffixes indicating the original positions of the carbon 
atoms in the tryptophan molecule. Two or more suffixes indicate that 
the measured isotope concentration is the mean value for the carbon 
atoms indicated. All barium carbonate preparations were counted at 
infinite thickness in a gas flow counter. The probable error in counting 
Was +2 per cent. The schemes presented in Figs. 1 and 2 indicate the 
general outline of the degradation procedure. The designation of the 
carbon atoms is arbitrary. 

The purity of the various intermediates in the degradation procedure 
Was ascertained from their melting points, from mixed melting points with 


* Supported in part by a grant from the National Institutes of Health, United 
States Public Health Service. 


953 


954 ACETATE-1-c'* CONVERSION TO TRYPTOPHAN 


authentic samples of the compounds in question, and from the melting 
points of appropriate derivatives. 

The isotope content of the Cocoon of tryptophan was determined by 
treatment with ninhydrin (2). The values for Cz, Cy, Cz, and Cy were 


Ba 


CH-CH - COOH Combustion Cos total 
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Combustion _ 
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COOH (V) (VI) (VII) 
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(VIII) Cu 3 
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COOH COOH 
NH2 OH 
(IX) (X) 


Fic. 1. Degradation of tryptophan 


obtained by the calculations shown in Table I. The isotope content. of 
the remaining tryptophan carbon atoms was determined directly. 
Conversion of Tryptophan to 3-Chloroquinoline (IV) (Fig. 1)—Trypto- 
phan (1.05 gm. containing 206 ¢.p.m. per mg. of C) was converted to skatole 
(I) by treatment with 10 gm. of solid KOH, as described by Hopkins and 
Cole (3). The yield of skatole was 647 mg., m.p. 98°, picrate, m.p. 174°, 
as reported (3). Combustion of the skatole gave the mean value for the 
isotope content of all the ring carbons + Cys (188 c.p.m. per mg. of C). 
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The skatole was converted to 3-chloro-4-methylquinoline (II) essen- 
tially by the method of Ellinger and Flamand (4). The addition of trace 
amounts of benzoyl peroxide increased both the yield and the rate of the 
reaction. 625 mg. of skatole were dissolved in 6 ml. of 95 per cent ethanol 
and 2 ml. of chloroform. The mixture was heated, with stirring, to boil- 
ing, and a solution of KOH (1.25 gm. in 1.25 ml. of water plus 95 per cent 
ethanol to a volume of 12.5 ml.) was added dropwise over a 30 minute 
period. The yield of 3-chloro-4-methylquinoline was 716 mg., m.p. 54°; 
picrate, m.p. 207-208°. The reported values are 55° and 208-208.5°, 
respectively (4). The chloroform carbon atom (designated Co) presuma- 
bly entered the position shown in 3-chloro-4-methylquinoline (see Fig. 1). 

The 3-chloro-4-methylquinoline (700 mg.) was converted to 3-chloro- 
quinoline-4-carboxylic acid (III) by treatment with formaldehyde and 
nitric acid, as described by Ellinger and Flamand (4). The yield was 735 
mg., m.p. 261° (decomposition); reported, 262—263° (decomposition). 

The 3-chloroquinoline-4-carboxylic acid was decarboxylated by heating 
at 270° (4), and the evolved carbon dioxide was swept into barium hydrox- 
ide by a stream of nitrogen. This barium carbonate represented Cg of 
tryptophan and had 31 ¢.p.m. per mg. of C. A sample of tryptophan-8-C"™ 
was used to check the reliability of the degradation procedure to this 
point. The results indicated that the carbon dioxide derived from the 
above decarboxylation was derived essentially (93 per cent) from Cg, of 
tryptophan. The 3-chloroquinoline (IV) (705 mg.) resulting from the 
decarboxylation was identified as the picrate and dichromate (m.p. 182° 
and 126°, respectively, as reported (5, 6)).. Combustion of 3-chloroquino- 
line gave the mean value for the isotope content of tryptophan Co.9,o 
(176 ¢.p.m. per mg. of C). 

Conversion of 3-Chloroquinoline (IV) to 5-Chloroquinolinic Acid (V) and 
Oxalylanthranilic Acid (VIII)—The conversion of 3-chloroquinoline to 
5-chloroquinolinic acid and oxalylanthranilic acid by permanganate 
oxidation was carried out as described by Claus and Collischonn (7) for the 
oxidation of 3-bromoquinoline. The yield of 5-chloroquinolinic acid and 
oxalylanthranilic acid was 314 mg. and 405 mg., respectively. The 5- 
chloroquinolinic acid had a melting point of 151° (5-chloroquinolinic acid 
recrystallized five times melted at 152-153°). The water-containing 
oxalylanthranilic acid had a melting point of 187—188° (reported 188-189°) ; 
the water-free preparation melted at 210° (reported 210°). Combustion 
of 5-chloroquinolinic acid gave the mean value for the C™ content of 
C.5.3,9,0 (83 ¢.p.m. per mg. of ©). 

Conversion of 5-Chloroquinolinic Acid (V) to 4-Chloronicotinie Acid 
(VI) and 8-Chloropyridine (VII)—This conversion was carried out as 
described previously for the corresponding conversion of quinolinic acid to 
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nicotinic acid and pyridine (1). From 300 mg. of 5-chloroquinolinic acid 
there were obtained 211 mg. of 5-chloronicotinic acid, m.p. 170°, as re- 
ported (8). Combustion of this yielded the mean values for C2590 
(95 ¢.p.m. per mg. of C). The carbon dioxide liberated in this decarboxyla- 
tion corresponds to Cs of tryptophan and contained 12 ¢.p.m. per mg. of C. 

The decarboxylation of 5-chloronicotinic acid yielded C; of tryptophan 
as carbon dioxide (233 c¢.p.m. per mg. of C) and 3-chloropyridine, which 
was identified as the picrate (m.p. 136°, reported 135° (9)). Combustion 
of 3-chloropyridine gave the mean value for Co24.9,.o of tryptophan (68 
c.p.m. per mg. of C). 

Conversion of Oxalylanthranilic Acid (VIII) to Salicylic Acid (X )-—A00 
mg. of oxalylanthranilic acid were converted to anthranilic acid (IX) and 
oxalic acid as described by Heidelberger et al. (10). The oxalic acid was 
converted by combustion to carbon dioxide, which gave the mean value 
for the isotope content of C25 (171 ¢.p.m. per mg. of C). Since Co is the 
unlabeled carbon atom derived from chloroform, this allows the direct 
determination of the isotope content in C2 (342 ¢.p.m. per mg. of C). The 
yield of anthranilic acid, purified by sublimation, was 252 mg. The melt- 
ing point was 144-145°, as given in the literature. 

The anthranilic acid (250 mg.) was converted to salicylic acid (X) by 
diazotization. The yield of salicylic acid was 236 mg., m.p. 154-157° 
(decomposition), as reported in the literature. Combustion of this gave 
the mean value for C3, (180 ¢.p.m. per mg. of CC). 15 mg. of salicylic 
acid were decarboxylated at 230° with quinoline and copper powder as 
described for the decarboxylation of 4-hydroxybenzoie acid (11). This 
carbon dioxide gave the value for C3; of tryptophan (7 ¢c.p.m. per mg. of C). 
The degradation procedure has been checked to this point with a sample 
of tryptophan-3-C™. The carbon dioxide which resulted from the de- 
carboxylation of salicylic acid quantitatively represented C; of tryptophan. 

Nitration of Salicylic Acid (X) and Bromopicrin Cleavage of 3 ,5-Dinitro- 
salicylic Acid (XI) and Picric Acid (XII)—Salicylie acid (91 mg.) was 
nitrated to give 55 mg. of 3,5-dinitrosalicylic acid (XI) as described by 
Hostettler ef al. (12). The melting point was 173-174°, as reported (12). 
Approximately 30 mg. of 3,5-dinitrosalicylic acid were nitrated further 
with concentrated nitric acid to give picric acid (XII). The yield of 
picric acid was 23 mg., m.p. 122°. 

The bromopicrin split of the two nitro compounds was carried out as 
described by Reio and Ehrensviird (13) on 20 mg. of material. The tri- 
bromonitromethane, resulting from the cleavage of 3,5-dinitrosalicylic 
acid, represented C. 3 of tryptophan and contained 244 ¢.p.m. per mg. of 
C. The bromopicrin split of picric acid yielded C;.7,9 directly as carbon 
dioxide (255 ¢.p.m. per mg. of C) and C4.6. as tribromonitromethane, 
which had an activity of 161 ¢.p.m. per mg. of C. 
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Conversion of Salicylic Acid (X) to Phenol (XIII) and Preparation of 
p-lert-Butylphenol (XIV)—These conversions were carried out on 106 mg. 
of salicylic acid exactly as described by Reio and Ehrensvard (13) for 
4-hydroxybenzoic acid. The decarboxylation was effected by 325 mg. of 
fused IKHF, in an all-glass distillation apparatus (see (13), Fig. 2). The 


6 COOH NO COOH 
3 9 OH OH 
(x) Nop 
KHF, 
Vv 
OH Ba(OBr)2 
(XIII) OH 
i-BuOH NO» 
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O# (XV) 
(XIV) 
(CH3)3-C-COOH (CH3)3-C-COC1 co C0,° 
(XVII) 
(XVI) + AlCl 3 
(CH3)3-C 
NHCOC4H, 


Fig. 2. Degradation of tryptophan 


carbon dioxide produced in this decarboxylation is contaminated by carbon 
dioxide from other sources and is not suitable for the determination of C, 
of tryptophan. The phenol obtained (83 mg.) was converted to carbon 
dioxide to determine the isotope concentration of Cy~9 (202 ¢.p.m. per mg. 
of ©). The remainder (70 mg.) was converted to p-tert-butylphenol 
exactly as described. The yield of p-tert-butylphenol was approximately 
75 mg. or 70 per cent. A maximum of 5 per cent di-o, p-tert-butylphenol 
is produced in this reaction, and no o-tert-butylphenol has been detected. 
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The di-o,p-tert-butylphenol is not volatile under the conditions of the 
distillation for the isolation of the para compound.! 

Preparation of Trimethylpyruvic Acid (XV) and Its Conversion to Pivalic 
Acid (XVJ)—Without further purification the p-tert-butylphenol was 
oxidized to trimethylpyruvie acid as previously described (13). The 
carboxyl carbon atom of trimethylpyruvie acid is representative of both 
C; and C;, since it was obtained from the symmetrical phenol (XIV), 
The carbon dioxide evolved in the oxidation by chromic acid of trimethyl- 
pyruvic acid represented C;,; of tryptophan and contained 380 ¢.p.m. per 
mg. of C. A quantitative yield of pivalic acid (trimethylacetic acid) 
results from the above oxidation. 

Decarboxylation of Pivalic Acid (XVI)—This was carried out on 30 mg. 
of pivalic acid as described by Reio and Ehrensvird (13). The pivalic 
acid was converted to the corresponding acid chloride (XVII), which was 
treated with n-valeroylanilide in a Friedel-Crafts reaction. Carbon 
monoxide is produced during this reaction and represents the carboxyl 
carbon atom of pivalic acid (C, of tryptophan). The carbon monoxide 
was converted to carbon dioxide, which was found to contain 477 ¢.p.m. 
per mg. of C. 

The results of the various determinations of the isotope content of the 
tryptophan carbon atoms are presented in Tables I and IT. 


DISCUSSION 


Before the results of the degradation are considered, some statements on 
the degradation method are indicated. A minimum of | gm. of tryptophan 
is required for the complete degradation by the method presented. The 
over-all validity of the method is well documented. The data in Table I 
show the rather good agreement of the values determined directly for the 
various carbon atoms with those obtained indirectly by calculation. Fur- 
ther support is given by the observation that the calculated isotope content 
in tryptophan, derived from the isotope concentrations of the individual 
carbon atoms, agrees well with the value obtained from the total combus- 
tion of tryptophan (see Table II). The most cogent proof for the validity 
of the present degradation procedure is given in Table II. The same 
tryptophan sample was degraded by the present method and by the inde- 
pendent method previously reported (1). The values obtained by the 
two methods are in complete agreement. | 

The distribution of the isotope in tryptophan indicates that 3 consecu- 
tive carbon atoms of the benzene ring (C;, Cs, and C;), 1 carbon atom of 
the pyrrole ring (C2), and the carboxyl carbon atom had an ultimate 
origin from the carboxyl carbon atom of acetate. As previously suggested 


1 Personal communication from Dr. G. Ehrensvird. 
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* Figs. Ll and 2. 


t Directly determined values were used when possible. 
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Isotope Content of Degradation Products of Tryptophan and Isotope Content 


Reaction 


Combustion 


Deearboxylation 


Combustion 
Deearboxylation 


C‘ombustion 


Combustion 


Decarboxylation 


Combustion 


Bromopicrin 


Combustion 


Bromopicrin 


Decarboxylation 


t Mean values for each. 
$11A — 9D — B represents (11 & 206) — (9 & ISS) — 570 = 4. 


959 


| 


Tryptophan 
carbons* 


| 


COOH 


a 


2-9, Bt 


B 


2-9, Of 


Deearboxylation 


| 2-5, 9, OT | 


Decarboxylation 


2-5, 8,9, | 


Ot 
8 


2-4, 9, Ot 


 C.p.m. per mg. C 


| Deter- Calcu- 
mined lated 
206 201 
| 570 
| 4 
ass | 179 
31 
| | 
| 176 | 185 
| 
95 95 | 
| 233 230 | 
6S | 70 
| 
342 | 
180 | 174 
244 | 245 | 
| 202 | 208 | 
161 
255 
380 
| 477 476 
527 
| 0 
| 5 


See Table 


 Calculationt 


Il 


11A — 9D 


— BS 


| (9F + 


9D 


(5K +H + 
J)/7 
7G — 61 


(6K + J)/6 
| 61 — 5K 


U+V)/5 


(6P + N)/7 


7M — 6P 


(H + 8)/2 


(3Q + 
3Q’) /6 
20 — H 
im—J 
3Q — 20 
3Q’ — 2R 


Only a few of the possible 


= 
V). 
= 
id) 
lie 
de 
nN. 
I 
ne 
IN 
n 
L’ 2 
I N 
| 
- Q 4,6, St 
y | 5, 7, Of 
R 
— 


960 ACETATE-1-c'! CONVERSION TO TRYPTOPHAN 


(1), it is difficult to visualize the labeling sequence in the benzene ring as 
reflecting the direct utilization of acetate. If acetate were converted to a 
hexose, one hexose would not be adequate to provide the carbon skeleton 
for the benzene ring labeled in three consecutive positions. It appears 
possible that at least two hexose units are ultimately involved. A series 
of dismutation reactions, similar to those described by Horecker ef al. 


TABLE II 


Compiled Values for Isotope Distribution in Tryptophan from A. aerogenes 
Grown on Acetate-1-C™ 


C's, c.p.m. per mg. C Per cent of total activity 


Carbon atom* 


Experiment It | Experiment IIt Experiment I Experiment II 

COOH 570 | 5S6 25.8 25.6 
a 4 6 0.2 0.2 
B 31 | 49 1.4 2.1 
2 342 | § 15.5 § 
3 7 | § 0.3 § 
4 0 § 0 § 
5 225 10.6 9.8 
6 477 483 21.6 21.1 
7 527 555 25.1 24.53 
S 12 22 0.4 1.0 
9 5 § 0.2 § 


Observed mean........ 206 206 


* See Fig. 1 for numbering of the carbon atoms. 
t Compiled from Table I. 


{ These data were obtained by the independent degradation method previously 


reported (1) and are for a portion of the same tryptophan sample used in the present 
experiment. 
§ The mean value for C2,5,4,9 was 90 or 360 total (16 per cent). 


(14), could conceivably give rise to a C; structure with 3 consecutive 
carbon atoms derived from the carboxy] of acetate (C—C—C'—C™— Ch 
C—C). The possible réle of C; sugars as precursors for aromatic rings has 
previously been discussed by Gilvarg and Bloch (15). Cyclization of this 
C; structure between carbons 1 and 6, followed by partial aromatization, 
would yield a hydroaromatic ring having the labeling sequence found. 
Whether this hypothetical structure might have a relationship with shi- 
kimie acid is not known. It now appears clear (16) that shikimic acid is 
converted to anthranilic acid in Neurospora and that any scheme proposed 
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to explain the biosynthesis of tryptophan has to be compatible with the 
formation of C; structures as intermediates. 

The method whereby anthranilic acid is converted to indole is unknown, 
although some information is available. Nye et al. (17) have shown in 
Neurospora that the carboxyl carbon atom of anthranilic acid is lost during 
its conversion to indole. The amino nitrogen of anthranilic acid is con- 
verted to the ring nitrogen of tryptophan (18). In Lactobacillus arabinosus 
it has been shown that acetate and coenzyme A were required for utiliza- 
tion of anthranilic acid (19). However, N-acetylanthranilic acid was not 
utilized. The present work does not throw additional light on this prob- 
lem. Nevertheless, the suggestion may be made that C2 of tryptophan 
may arise by acetylation of the amino group of some hydroaromatic pre- 
cursor of anthranilic acid. This would be followed by elimination of the 
carboxyl carbon atom and ring closure between the acetate methyl group 
and C, of the indole ring. Aromatization of this might give rise to indole. 
The implication is that the benzene ring may derive its carbon atoms via 
a hexose series of reactions, while the pyrrole ring may arise more or less 
directly from acetate. In experiments to be reported in detail later, it 
has been found that in the presence of glucose the acetate carboxyl is 
primarily localized in C, of tryptophan and that little activity is found in 
C;, Cs, or Cz. 

The labeling in the side chain of tryptophan is in agreement with that 
found in serine and is compatible with an indole-serine condensation 
(1, 20, 21). 


SUMMARY 


1. A degradation method for tryptophan has been described, which 
allows the isolation of most of the carbon atoms as carbon dioxide. 

2. The results from the degradation of tryptophan, isolated from Aero- 
bacter aerogenes cultivated on acetate-1-C™, have been presented. 

3. The isotope derived from the acetate carboxyl was found to be local- 
ized in 3 consecutive carbon atoms of the benzene ring, in carbon atom 2 
of the pyrrole ring, and in the carboxyl carbon atom of tryptophan. 
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HY DROCORTISONE-4-C¥ IN THE RAT AND 
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(From the National Institute of Arthritis and Metabolic Diseases and the National 
Heart Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, September 7, 1954) 


Previous studies of the disposition of adrenal corticoids have been 
limited to analyses of urine following administration of large doses of 
cortisone or hydrocortisone in man. By current chemical methods, 
recoveries of metabolites have ranged from 2 to 35 per cent, depending 
upon the route and rate of administration and the particular methods 
employed (1-5). Almost no information exists as to the importance of 
biliary or fecal excretions of corticoid metabolites. 

The availability of hydrocortisone-4-C™ has presented an opportunity 
to study quantitatively the disposition and fate of this major human 
adrenal cortical hormone (6). We have administered labeled hormone to 
rats and guinea pigs in near tracer quantities and have determined the 
routes of excretion of the labeled metabolites. In addition, some infor- 
mation has been obtained as to the nature of the metabolites in bile, feces, 
and urine. 


EXPERIMENTAL 


Isotopic Compound—Hydrocortisone-4-C™, specific activity 1.47 mec. per 
mmole, was obtained from the Endocrinology Study Section of the National 
Institute of Arthritis and Metabolic Diseases. It was found to be more 
than 95 per cent pure, both by chromatography and by eight transfer 
counter-current distribution in an 8:1 H,O-CHCIl; system. 

Plan of Experiments—Male Sprague-Dawley rats weighing 200 gm. and 
male Hartley guinea pigs weighing 350 gm. were used. Hydrocortisone-4- 
C" was dissolved in a minimal volume of ethanol and diluted with saline 
to form a final solution of 100 y (0.4 ue.) of hydrocortisone per ml. of 14 
per cent ethanol. All injections were made subcutaneously in two sites. 
For collection of expired COs, the animals were placed in an all-glass 
metabolism cage into which air, previously rendered CO.-free by pas- 
sage through successive towers of Ascarite, 10 N NaOH, and saturated 


* The abbreviations used in this paper are hydrocortisone (A*-pregnane-118, 17a, - 
21-triol-3,20-dione), dihydrohydrocortisone (pregnane-118,17a@,21-triol-3,20-dione), 
tetrahydrohydrocortisone (pregnane-3a, 118,17 a@,21-tetraol-20-one). 
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Ba(OH)., was drawn. Expired CO: was collected as it was drawn through 
two towers of 250 ml. of CO2-free 4.5 N NaOH. 

Pathways of excretion of labeled products were studied in three types of 
experimental animals: controls in which polythene bladder catheters had 
been implanted surgically 18 hours before injection, animals whose bile 
ducts had been doubly ligated and severed at the time of catheter insertion, 
and animals with cannulated bile ducts. 

In experiments wherein bile was collected, polythene cannulas were 
inserted in bile ducts according to the technique of Siperstein and Chaikoff 
(7). In guinea pigs, the gallbladder was evacuated and the cystic duct 
ligated at the time of cannula insertion. Bladder catheters were im- 
planted during the same anesthetic period. All operations were performed 
under ether anesthesia without rigid aseptic technique. Rats were allowed 
to recuperate for 18 to 24 hours before steroid was given. (Guinea pigs 
were given hydrocortisone about 6 hours after surgery because of their 
short life expectancy when bile fistulae were present. The authors are 
indebted to Dr. M. D. Siperstein for surgical assistance during the early 
part of this study. 

In all experiments wherein analyses of isotope content of excreta were 
made, the animals were maintained in Bollman restraining cages (8). 
Rats were maintained on Purina checkers and guinea pigs on pellets and 
lettuce during the studies. Both species were offered the option of water 
or 0.5 per cent saline to drink. This procedure resulted in prolonged 
survivals for the cannulated rats, but even the periodic subcutaneous 
administration of saline did not extend the survival of guinea pigs with 
bile cannulas beyond 24 hours. 

Specimen Fractionation—Selected specimens of urine, feces, and _ bile 
were analyzed for unconjugated steroid, and for products hydrolyzed by 
bacterial 8-glucuronidase (9) and HCl. Urine was adjusted to pH 7.0; 
feces and bile were diluted with 0.1 mM phosphate buffer, pH 7.4. Speci- 
mens were first extracted three times with 3 volumes of CHCl; previously 
purified by passage through a silica gel column. Such extraction re- 
covered more than 95 per cent of hydrocortisone, dihydrohydrocortisone, 
or tetrahydrohydrocortisone from each of the three specimens. The ex- 
tracted specimens were then hydrolyzed with 200 units of Sigma bacterial 
8-glucuronidase per ml. of solution or suspension in phosphate buffer, pH 
6.2, for 24 hours at 37°. CHCl; extraction was then repeated as described. 
The aqueous residue was next hydrolyzed with 15 volumes per cent HCl in 
a boiling water bath for 15 minutes, and the CHCl; extraction was again 
repeated. In control experiments, about 20 per cent of added hydro- 
cortisone-C™ was rendered non-extractable with CHCl; after acid hydroly- 
sis. 
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Tsotope Analyses-—All samples were counted in a Robinson windowless 
counter (10) flushed with argon-methane gas mixture. This counter has 
a background counting rate of about 4 ¢.p.m. and an efficiency of about 
45 per cent. Fecal samples were digested by a modification of the proce- 
dure of Peters and Gutmann (11) and mounted as BaCO; on Whatman 
No. 1 filter paper disks. BaCO; planchets were baked under infra-red 
lamps and “gassed”? for 4 minutes before counting was begun. This 
procedure averted initial decline of counting rate customarily found when 
BaCO; samples, not previously exhaustively dried, were introduced into 
the counter. All BaCO ; samples were counted at infinite thickness. 

Liquid samples (urine, bile, CHCl; extracts, and NH,Cl-neutralized 
NaOH from CO, collection experiments) were plated directly and counted 
at, or corrected to, zero weight. 

All counting was conducted to 5 per cent or less standard error limits, 
except for a few non-critical, low activity samples for which 10 per cent 
limits were accepted. Samples counting less than 0.5 count above back- 
ground (10 per cent limits) were considered non-isotopic. 


Results 


Analyses of Expired COx—The COz expired by two rats and one guinea 
pig was collected following subcutaneous administration of hydrocortisone- 
4-C4, One rat was given 0.4 mg. per kilo (0.4 we.), and a second was 
given 2.6 mg. per kilo (0.12 we.); the guinea pig was given 0.2 mg. per 
kilo (0.4 we.). The COs expired by each of these three animals during the 
succeeding 96 hours was non-radioactive. In the methods employed as 
little as 0.7 per cent of the administered dose appearing as CO: in any 24 
hour period would have been detected. 

Excretion of Radiometabolites in Urine, Feces, and Bile of Rats—Seven 
rats were used in this study. Three control rats and two with ligated 
bile ducts received 100 y of hydrocortisone (0.5 mg. per kilo, 0.4 ue.), 
whereas two with cannulated bile ducts received 50 y (0.25 mg. per kilo, 
0.2 ue.). The distribution of radiometabolites in urine and in feces was 
determined in daily specimens for 4 days and in the bile of the third group 
in hourly samples. The results are given in Table I and Fig. 1. From 
83 to 101 per cent of the injected isotope was recovered in the excreta of 
the rats. 

During the first 24 hours, normal rats excreted 24 to 29 per cent of the 
administered dose in urine and 50 to 60 per cent in the feces. The total 
excretion values for 72 hours were 26 to 32 per cent in urine and 57 to 72 
per cent in feces. All specimens obtained after 72 hours were non-isotopic. 
In the two rats with ligated bile ducts, 96 per cent of the injected isotope 
appeared in urine in 24 hours and none in feces. 


gh 
ad 

ile 

re 

off 

ct 

n- 

d 
| 

ir 
re 
ly 

). 

d 

d 

h 


TaBLe I 


HYDROCORTISON E-4-c!4 


Disposition of Radiometabolites of Hydrocortisone-4-C'* in Rat 


Recovery of injected C™ in excreta 


Type* _ Rat No. Urine 


Feces | Bile 
Day1 | Days 2-4 | Day 1 | Days 2-4 | Day 1 
per cent | percent percent | percent per cent 
Control ] 60 9 
2 a | 2 | 80 7 
3 26 1 59 13 
BDL 4 97 0.4 0 0 
5 96 «0.5 0) 0 
BDC 6 | 12 0 83 
7 | 10 0 91 


Total 


Days 1-4 
per cent 
101 
83 

99 
97 
97 
95 
101 


* In Tables I, II, and III, C = control animals, BDL = animals with bile ducts 
doubly ligated and severed, and BDC = animals with bile duct catheters inserted. 
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Fic. 1. Biliary excretion of radiometabolites of hydrocortisone-4-C'* in rats and 
guinea pigs. The amount of isotope recovered, expressed cumulatively in per cent 
of administered dose of hydrocortisone, is plotted against time. 
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In the rats with cannulated bile ducts, the excretion of isotope in bile 
was remarkably rapid, 79 and 89 per cent of the administered doses appear- 
ing in 3 hours (Fig. 1) and 83 and 91 per cent by the end of 24 hours. In 
these animals, 11 and 9 per cent appeared in urine in 8 hours, and some- 
what less than an additional 1 per cent from 8 to 24 hours. In these rats 
also the feces were non-radioactive. 

E-nterohepatic Circulation in Rat—The results presented above, in which 
an average of 87 per cent of the administered isotope was excreted in bile 
while 66 per cent appeared in feces, suggested that a portion of the hydro- 
cortisone metabolites entering the gut was reabsorbed and eventually 
excreted in urine. That this was so was indicated by an experiment 
wherein the bile obtained during the 2nd and 3rd hours from the two rats 
described above was pooled and readministered intragastrically into 
another rat prepared 18 hours earlier for bile and urine collections. The 
recipient animal excreted 27 per cent of the administered C" in bile and 
5 per cent in urine in the ensuing 24 hours, and 56 per cent was recovered 
in feces. 

Nature of Radioactive Metabolites of Hydrocortisone in Rat—The extrac- 
tion and hydrolysis procedures applied to bile, urine, and feces have pro- 
vided some information regarding the nature of hydrocortisone metabolites 
in the rat (Table III). Direct CHCl; extraction of the Ist hour bile 
samples recovered no radiometabolites, although hydrocortisone-4-C™ 
added to normal rat bile was recovered quantitatively. Thus the presence 
of free hydrocortisone was excluded. Following incubation with bacterial 
8-glucuronidase, only 2.4 per cent of the labeled products was rendered 
chloroform-soluble, but this was no greater than when heat-inactivated 
enzyme had been employed. With phenolphthalein glucuronide as sub- 
strate, it was demonstrated that no inhibitors of 8-glucuronidase were 
operative in the incubation mixtures of diluted bile. The aqueous residue 
was then hydrolyzed with HCl, and, following this procedure, 31 per cent 
of the radiometabolites of bile became chloroform-extractable. 

Direct CHC]; extraction of fecal samples recovered 55 per cent of their 
radiometabolites, and this quantity presumably represented free hydro- 
cortisone or other unconjugated products. Since the labeled metabolites 
present in feces reached the gut only via bile in which no labeled substances 
were chloroform-soluble, hydrolysis of approximately half the products 
presumably occurred during passage through the gut. 

Urine from normal rats contained 32 per cent directly extractable radio- 
metabolites and from duct-ligated rats 8 per cent. Thus, less than 10 per 
cent of the administered hydrocortisone was excreted in unconjugated 
form in urine, and this fraction appeared within 8 hours of administration. 
In agreement with the results from bile, the urine and feces contained 
little or no demonstrable glucuronidase-released material and yielded 
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24 to 28 per cent of their total radiometabolites following HCI] hydrolysis. 
In all cases there remained appreciable isotopic substances not extractable 
into CHC]. 

Disposition of in Guinea Pigs—Four guinea pigs 
were used in this study, two of which served as controls and two of which 
were prepared for bile collections. The distribution of radiometabolites 
in urine, feces, and bile of these animals is recorded in Table II and Fig. 
1. The total isotope recoveries in these animals ranged from 86 to 105 
per cent of the administered dose. 

During the first 24 hours normal guinea pigs excreted 69 and 74 per cent 
of the administered C™ in urine and 6 and 24 per cent in feces. As in the 
rat, specimens obtained after 72 hours were non-radioactive. 


TaBLe II 
Disposition of Radiometabolites of Hydrocortisone-4-C' in Guinea Pig 


| 
| Recovery of injected C' in excreta 


Type | vest got Urine Feces | Bile Total 
Day 1 Days 2-4 Day 1 Days 2-4 | Day 1 Days 1-4 
per cent per cent per cenl per cent _ per cent per cent 
Control | tee 3 6 | SS 
| 2 69 2 | 24 10 105 
BDC 3 | 27 | Q 65 92 
4 25 0 63 S6 


In the guinea pigs with bile duct cannulas, the appearance of radio- 
metabolites in bile following subcutaneous administration of hydrocorti- 
sone-4-C" was a considerably slower process than in the rat, and the rate 
curve of biliary excretion, shown in Fig. 1, suggests a fundamentally 
different hepatic process. The total biliary excretion in the two animals 
was 63 and 65 per cent in 16 hours. These guinea pigs excreted 23 and 
27 per cent in urine and none in feces. Both animals died about 22 hours 
postoperatively, at a time when bile and urine still contained small quanti- 
ties of isotope. It is at once apparent that considerable reabsorption of 
hydrocortisone or metabolites had occurred in the guinea pig, inasmuch 
as only 11 to 34 per cent was excreted in feces of normal animals despite 
the entrance of two-thirds of the administered isotope into the gut via bile. 

Nature of Radioactive Metabolites of Hydrocortisone in Guinea Pig—The 
same fractionation procedures were applied to urine, feces, and bile ob- 
tained from guinea pigs as were employed on specimens from rats. The 
results are given in Table III. Direct CHCl; extraction of bile samples 
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removed 21 per cent of the labeled substances, indicating the presence of 
appreciable unconjugated material in the bile of this species. Incubation 
of the aqueous residue with 8-glucuronidase failed to release further radio- 
metabolites, but subsequent treatment with HCl rendered an additional 
60 per cent chloroform-soluble. In similar analyses of normal feces and 
urine, once again significant quantities of chloroform-soluble products 
were found, representing 25 to 27 per cent of both urinary and fecal prod- 
ucts. Glucuronidase released an additional 13 per cent of urinary radio- 
metabolites and 11 per cent of fecal radiometabolites. HCl hydrolysis 
then released 31 to 46 per cent of labeled urinary products and 28 per 
cent of the fecal products. Here again, the aqueous residues of all samples 
contained more isotope than could be attributed to hydrolytic destruction 


TaBLe III 
Fractionation of Radiometabolites in Excreta 


The values represent averages expressed in per cent of total C'* of samples. 


| | | 
| After | 


Species | Specimen Free | After HC] | | Recovery 
Rat | BDC | Bile tn ee ee 31 48 81 
Urine 32 3 
BDL | | 28 
Guinea pig = BDC Bile 21 1.6 60 29 112 
| | 2 14 31 i= 


BDC | 25 13 46 


of hydrocortisone, and the presence of non-extractable metabolites or of 
metabolites markedly more unstable in HCl] than was hydrocortisone 
must be postulated for both species. 


DISCUSSION 


Hydrocortisone has been found to be the major adrenal corticoid pro- 
duced by the guinea pig (12, 13), whereas it has not been identified either 
in rat adrenal gland effluent (12) or urine (13); corticosterone appears to 
be the predominant corticoid in the latter species (12). Despite these 
differences, hydrocortisone is metabolically transformed and excreted 
in a remarkably short time by both rat and guinea pig. Within 1 hour 
following subcutaneous injection, almost half of the administered dose is 
excreted in bile as conjugated metabolites in the rat. Following intraven- 
ous administration, the biological transformation is apparently even more 
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rapid, since after 30 minutes only 10 per cent of the radioactive products 
present in the homogenized tissues and excreta could be extracted into 
CHCI];.! In the guinea pig biological transformation and excretion would 
appear to be somewhat slower, inasmuch as about 12 hours elapsed before 
half of the administered hydrocortisone appeared as metabolic products in 
bile in cannulated animals, and about 5 hours before half of the injected 
isotope was excreted in urine by control animals. 

The recoveries of isotope in urine and feces were essentially quantitative, 
and no evidence for excretion of radiocarbon in COs was found. The lack 
of conversion of C-4 of hydrocortisone to CO: in these species is in agree- 
ment with results of studies with C'™-4-cholesterol (14, 7), and testosterone 
(15, 16) which also failed to give rise to labeled CO, in rats. 

In studies with bile duct-cannulated rats and guinea pigs and duct- 
ligated rats, the feces were non-radioactive. Thus, little, if any, hydro- 
cortisone metabolites entered the gut through the intestinal wall, as has 
been demonstrated for cholesterol (7). 

The excretion of hydrocortisone metabolites by the rat is considerably 
more rapid than those of cholesterol (7), testosterone (15, 16), progester- 
one (17), 1l7a-methylestradiol (18), 17a-methyltestosterone (19), and 
17a-methylandrostenediol (20) in this species. However, in common 
with all these steroids, hydrocortisone metabolites are excreted predomi- 
nantly in feces, after transport to the gut via bile. In this disposition 
pattern the rat is quite different from the guinea pig which excretes 75 
per cent of the hydrocortisone radiometabolites in urine. In man the 
distribution of isotope in urine and feces following intravenous administra- 
tion of labeled hydrocortisone is much like that of the guinea pig, 80 to 
85 per cent appearing in urine.’ 

An active enterohepatic circulation has been demonstrated for both 
rodent species of this study, although quantitatively its importance would 
seem to be far greater in the guinea pig than in the rat. In both species 
appreciable hydrolysis of the conjugated biliary metabolites apparently 
occurs in the gut, although no relationship between such hydrolysis and 
subsequent reabsorption of steroid is discernible from the data of this 
study. In this connection, Stimmel (21), using estrone substrate, has 
shown that human feces exhibit 8-glucuronidase, phenolsulfatase, and 
reductase activity. In both rodent species small amounts of unconjugated 
products, extractable with CHCl;, were excreted in urine. Their presence 
was not dependent upon intestinal hydrolysis, inasmuch as_ bile-duct 
ligated and cannulated animals both excreted such products. The normal 
guinea pig has been shown to excrete significant amounts of free hydrocorti- 


!Wyngaarden, J. B., and Peterson, R. E., unpublished data. 
? Peterson, R. E., Wyngaarden, J. B., and Guerra, 8. L., unpublished data. 
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sone in urine (13). Jn man only about 4 per cent of a tracer dose of labeled 
hydrocortisone appears in urine in unconjugated form.? 

The importance of the liver in the metabolism of corticosteroids is well 
known and is further demonstrated in this study. The enzyme systems 
and cofactor requirements for the reduction of the a,8-unsaturation of the 
A ring of cortisone by rat liver tissue have recently been described (22) 
and dihydro- and tetrahydrocortisone have now been identified as the 
reaction products.’ Hydrocortisone is also metabolized by the rat liver 
preparation (22). It would appear that the metabolic transformations 
effected are similar to those described for man (23, 24). However, the 
chemical groups involved in conjugation of the reduced steroids may 
vary in different species. Glucuronic acid would appear not to be in- 
volved in conjugation of hydrocortisone metabolites in the rat, although 
this species does form glucuronides of testosterone (15) and of 17-methyl- 
estradiol (18). In the guinea pig the small fraction of glucuronidase-hy- 
drolyzable metabolites present in feces and urine are probably attributable 
to intestinal bacterial action (21) and possibly to extrahepatic 8-glucuroni- 
dase activity as well (25), since guinea pig bile, like rat bile, contained no 
significant metabolites hydrolyzed by this enzyme. In man 13 to 55 per 
cent of the urinary radiometabolites of hydrocortisone are hydrolyzed by 
8-glucuronidase, but only one-third to two-thirds of these metabolites 
reacts with phenylhydrazine.? In all three species the large fractions 
easily hydrolyzed by hydrochloric acid suggest the presence of appreciable 
conjugation as sulfate esters. Additional unidentified conjugation forms 
may also be present (26). 


SUMMARY 


Hydrocortisone-4-C™ has been administered subcutaneously to rats and 
guinea pigs in 50 and 100 y doses. The distribution of isotope in the bile, 
urine, feces, and expired COz has been determined. In the rat 83 per cent 
of the dose appeared in bile in 3 hours, whereas only 66 per cent was even- 
tually excreted in feces and 29 per cent in urine. The reabsorption and 
recirculation of the labeled biliary metabolites were demonstrated. In 
the guinea pig the rate of biliary excretion of labeled metabolites was 
considerably slower than in the rat, but 65 per cent eventually entered 
the gut via this route. Most of these metabolites were subsequently 
reabsorbed and contributed to the 75 per cent of the administered dose 
appearing in urine. In neither species was the expired COz radioactive. 
All the biliary metabolites in the rat were excreted in conjugated form, 
but considerable hydrolysis occurred in the gut; hence both urine and 
feces contained appreciable unconjugated products. In the guinea pig, 


’ Tomkins, G. M., and Isselbacher, Kk. J., personal communication. 
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small amounts of biliary metabolites were excreted in unconjugated form. 
In neither species did glucuronic acid appear to be involved in the hepatic 
conjugative processes. 


The authors are indebted to Dr. Joseph J. Bunim and Dr. Bernard B. 


Brodie for many helpful suggestions during the course of this work. 
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THE INFLUENCE OF WATER AND pH ON THE REACTION 
BETWEEN AMINO COMPOUNDS AND CARBOHYDRATES* 


By LAWRENCE J. SCHROEDER, MICHAEL IACOBELLIS, anp 
ARTHUR H. SMITH 


(From the Department of Physiological Chemistry, Wayne University College 
of Medicine, Detroit, Michigan) 


(Received for publication, May 3, 1954) 


The mechanisms involved in browning and in the Maillard reaction (1), 
together with their effect on the nutritive value of proteins, have been 
investigated extensively, yet much of the evidence is of a contradictory 
nature. These experimental results are to be expected if one considers 
the variety of conditions of temperature, pH, and reactant concentrations 
employed by the various investigators. In most cases the studies pub- 
lished have been concerned with the secondary changes induced in either 
the amino compounds or the reducing sugars by heat processing. This 
has led investigators to view the reaction of amino compounds and reduc- 
ing sugars (Maillard reaction) largely in its relation to browning, with the 
consequent tendency to attribute browning to the Maillard reaction. 

In 1953, Schroeder, Iacobellis, Lees, and Smith (2), continuing a previ- 
ous investigation (3) on the effect of heat on milk products, presented data 
secured by the nitrogen balance method on intact animals and by diges- 
tion experiments with crystalline enzymes in vitro, showing that the de- 
crease in nutritive value suffered by the contained proteins when dried 
skim milk is autoclaved was prevented by prior reconstitution with water 
to protein levels as high as 24.5 per cent. It appeared that water pre- 
vented the deleterious effect of heat upon proteins. On the basis of these 
observations, it was postulated that browning and the Maillard reaction 
might not bear a causative relation to each other, but rather might be 
viewed as two separate and independent reactions. The purpose of the 
present investigation was to determine the influence of both water and pH 
on the interaction of amino compounds and reducing sugars. 


* Preliminary reports of this work were presented before the Michigan Academy of 
Science, Arts and Letters at Detroit, April 17, 1953, and before the American Institute 
of Nutrition at Chicago, April, 1953. 

The data presented in this paper are taken from the dissertation submitted by 
Michael Iacobellis for the degree of Doctor of Philosophy, Wayne University, Febru- 
ary, 1954. 
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EXPERIMENTAL 
Synthesis of Peptides 


The peptides used in this investigation were synthesized by the phthaly] 
method (4, 5). 

Phthalylglycyl--leucine—A solution of 13.41 gm. (0.06 mole) of phthalyl- 
glycyl chloride in 75 ml. of anhydrous chloroform was added dropwise 
during 30 minutes to a stirred, cold (0°) suspension of 7.87 gm. (0.06 mole) 
of t-leucine! and 15 gm. (0.18 mole) of sodium bicarbonate in 125 ml. of 
water. After stirring for an additional 30 minutes at room temperature, 
the solution was acidified (pH 5.0) with glacial acetic acid and then con- 
centrated under reduced pressure. The crude material was recrystallized 
from methyl] alcohol, giving a total yield of 15.8 gm. of phthalylglycyl-.- 
leucine. 

Glycyl-L-leucine—6.36 gm. (0.02 mole) of phthalylglycyl-L-leucine in 200 
ml. of ethyl aleohol containing 6.0 ml. (0.12 mole) of hydrazine hydrate 
were refluxed for 2 hours. Water (100 ml.) was added to insure continued 
solubility of the hydrazine salt of phthalylhydrazide. The solution was 
then concentrated under reduced pressure. The dry solid residue was 
treated with 100 ml. of water and the pH brought to 5.0 with glacial acetic 
acid. After heating for 1 hour on a steam cone, the solution was cooled 
and filtered, and the precipitate (phthalylhydrazide) washed with 100 ml. 
of water. The combined filtrate and washings were concentrated under 
reduced pressure. The dry residue was recrystallized from ethyl alcohol 
and water. The yield was 3.5 gm. 

Other peptides, as well as their phthalyl derivatives, were prepared in 
an analogous manner. Analytical data on these compounds appear in 
Table I. 


Effect of Water and Heat on Amino Acid- and Peptide-Glucose Mixtures 


Glycyl-L-leucine and glycyl-pL-valine, as well as their constituent amino 
acids, were autoclaved at 15 pounds pressure for 30 minutes with and 
without glucose in the dry state and in the presence of water. All samples 
were weighed in calibrated non-protein nitrogen tubes and the ratio of 
amino compounds to glucose was 1:1 on a molar basis. The amount of 
water added to the samples autoclaved in aqueous medium was 25 ml. 
All samples after autoclaving were brought to the 50 ml. mark and aliquots 
taken for the determination of total nitrogen and amino nitrogen and for 
paper chromatography. The total nitrogen was determined by the micro- 
Kjeldahl method, while the amino nitrogen was estimated by the method 
of Pope and Stevens (8), as modified by Schroeder, Kay, and Mills (9). 


1 The amino acids were kindly supplied by Merck and Company, Ine. 
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In these investigations a modification of the chromatographic technique 
of Williams and IKkirby (10-13) was used. Rr values were calculated in 
the usual manner. 


TABLE I 
Analytical Data on Synthetic Peptides and Their Phthalyl Derivatives* 


Nitrogen 
Compound Formula Yield Total 
Calcu- 
Found 
fared” Found Found 
per cent pant ne per cent percent per cent | 
Phthalylglyeyl-L- CisHwOsN2, 83 8.8 8.5 318 | 317.3 
leucine | | | 
Glyeyl-L-leucinet CsHicOsN:| 93 | 14.9 | 14.8 | 7.45 | 7.2 
Phthalylglyeyl-p- Ci;HiO;N2 74 8.38 | 8.30 
glutamic acid 
Glyeyl-p-glutamic CyH 92 11.76 11.68 5.88. 
acidt | | 
Phthalylglyeyl-pi- 80 9.21; 9.3 304.3 301.5 
valine | 
Glycyl-pL-valine 95 16.07 16.10 8.04 8.0 
Phthalyl-pL-phenyl- 79 7.95 | 7.85 302 | 350 


alanylglycine§ 

Phenylalanylglyeine 94 12.6 12.3 6.3 6.45 
Phthalylglyeyl-pL- 70 10.27 10.25 
phenylalanylgly- 

cine | 

Glyeyl-pt-phenyl- 91 =15.0 15.2 5.0 4.97 
alanylglycine 


* For properties of the free peptide see Fruton (6). 

+ M.p. 242° (decomposition); [a]> —35.2° (water); Fischer and Steingroever (7), 
—36.1°. 

t +6.9° (water). 

§ Phthalylphenylalanyl chloride, m.p. 130-131°. Sheehan and Frank (4), m.p. 
121-124° (124-126°). 


Effect of pH and Heat on Amino Acid- and Peptide-Glucose Mixtures 


Series of amino acids-glucose and peptides-glucose mixtures were weighed 
in calibrated 50 ml. non-protein nitrogen Pyrex tubes as described before. 
The relative concentrations of both glucose and the amino compounds! 
were varied. Several series of the same mixtures were prepared: one was 
dissolved in water, brought to volume, and its pH checked, while the other 
was dissolved in buffers of different pH values. Aliquots were taken at 
this time for total nitrogen, amino nitrogen, and paper chromatography de- 
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terminations. The remainder of the solution was autoclaved at 15 pounds 
pressure for 30 minutes. Samples of the amino compound alone and of 
the glucose alone under the identical conditions served as controls and 
these were compared to other samples similarly treated but unautoclaved. 
Color development was evaluated grossly by direct visual inspection. 
Total nitrogen and amino nitrogen determinations, as well as ascending 
paper chromatography, were carried out as previously described. All pH 
determinations were made with the Beckman titration pH meter (model 
IH) standardized at pH 4.0 and 7.0. 


Results 
Effect of Water 


The average results of the amino nitrogen determination for the peptides 
and amino acids after being autoclaved with and without water appear in 
Fig. 1. Only in those samples of amino compounds which had_ been 
autoclaved with glucose in the dry state were there appreciable decreases 
in amino nitrogen. These samples were accompanied by browning. On 
the other hand, whereas the amino compounds which had been reconsti- 
tuted with water before autoclaving showed browning, no decrease in 
amino nitrogen was detected. The total nitrogen in these samples auto- 
claved with water, and in those autoclaved in the dry state with and with- 
out glucose, was the same as that of the control unautoclaved samples. 
All samples which had been autoclaved with glucose in the presence of 
water gave spots with ninhydrin having the same intensity and Ry», values 
shown by the control unautoclaved amino acids and peptides. The spots 
from the samples of amino compound-glucose mixtures which had been 
autoclaved in the dry state were by comparison less intense, but of the 
same Ry value as those of the control samples. Two exceptions were 
observed: each of the glycine-glucose .-leucine-glucose mixtures 
autoclaved in the dry state showed two comparatively weak spots, one 
corresponding to the amino acid and the other having an Ry, value of 0.22 
for glycine-glucose and 0.43 for L-leucine-glucose. These two extra I», 
values are quite different from those of the corresponding amino acids 
which in the case of glycine is 0.4 and of L-leucine 0.82. They apparently 
represent the reaction compounds formed between amino compounds and 
glucose. 

In chromatograms developed with aniline hydrogen phthalate, samples 
autoclaved in the presence of water showed spots with Ry, values similar 
to those of the control unautoclaved glucose solution (0.39), but smaller 
in size. On the other hand, the mixtures autoclaved in the dry state 
failed to give any spot under identical conditions. 

It would appear, therefore, from both the analytical and chromato- 
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graphic methods employed that the reaction between amino compounds 


and glucose in the dry state results in a decrease in amino nitrogen, a 
decrease in the size of the spot on the paper chromatograms developed with 
ninhydrin (except in the cases of glycine and t-leucine which gave an 


Amino nitrogen (mg.) Amino nitrogen (mg.) 
25 30 35 40 45 25 oS 2 £ & 
Unautoclaved 
Autocloved 
with water 
Autoclaved dry 
Unautoclaved 
PLUS Autoclaved 
GLUCOSE with water 
GLYCINE GLYCINE 
Autoclaved dry L-LEUCINE VALINE 
GLYCYL-L-LEUCINE =GLYCYL-or - VALINE 


Fic. 1. Effect of water on the amino nitrogen content of glycine, L-leucine, and 
glycyl-t-leucine and of glycine, pi-valine, and glycyl-pi-valine autoclaved (15 
pounds pressure for 30 minutes) with and without glucose. 


extra spot), and a failure to demonstrate any spot whatever with aniline- 
phthalic acid. On the other hand, in an aqueous medium, one observes 
only a decrease in the aldehyde group concentration, as evidenced by the 
weak spot observed with aniline-phthalic acid. 


Effect of pH 


It was seen that a pH depression is caused by autoclaving, particularly 
evident in those glucose-containing solutions autoclaved in an_ initial 
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alkaline medium. Inasmuch as the spots on the aniline hydrogen phthal- | 
ate chromatograms decrease in size as the pH increases, it appears that | 
the browning of glucose at higher pH levels is characterized by a partial 
conversion of glucose to acidic intermediates which no longer give the 
typical aldehydic reaction. The intensity of the color of the autoclaved 
glucose solutions is somewhat dependent on the initial concentration of 
glucose present in solution. 


TaBLe II 


Effect of Autoclaving (15 Pounds Pressure for 30 Minutes) on Glucose, Glycine, 
and Glucose-Glycine Mixtures in Phosphate Buffer at Various pH Levels 


pH | Total nitrogen a-Amino nitrogen 


| 


Before After Calcu- After After 


autoclaving autoclaving’ lated autoclaving autoclaving Loss | Color 


mg. mg. meg. per cent | 


0 0 | — 


mmoles 


50:0 | 


0 (Un- — 
buffered) | 
3.2 | 697.5 697.0 697 
6.0 | 697.6 697 
697.3 697. 
(Un- 5.9 | 697.2 697. 
| | | 


0:50 


10:50* 2 697.5 697.6 697.8 
| 697.2 697.6 | 
| | 697.1 | 520.3 | 25.4) +444 
(Un- 697.3 | 697.2 | el 


buffered) 


* Comparable results were obtained « on 10: 10, 30: 10, 10: 30, and 10: 50 mixtures. 


The amino acid-glucose solutions were next studied. Glycine, L-lysine, 
and p-glutamic acid were first investigated; these amino acids were chosen 
because they are representative of neutral, basic, and acidic amino acids. 
A series of glycine-glucose mixtures was autoclaved in a buffer at pH 6.0 
corresponding to the isoelectric point of glycine, another in a buffer at pH 
9.7 corresponding to the isoelectric point of lysine, a third at pH 3.2 corres- t] 
ponding to the isoelectric point of glutamic acid, and finally a series in 
aqueous medium without addition of any buffer. The lysine series was t] 
autoclaved at the same pH levels, as well as in an unbuffered solution, and 
at pH 8.0, representing an alkaline medium but still acid to the isoelectric 
point, and at pH 11.0, on the basic side of the isoelectric point of lysine. 
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In the case of glutamic acid, a similar series was autoclaved, except that 
the solution at pH 11.0 was replaced by one at pH 2.0 (below the isoelectric 
point of glutamic acid). The average results of these investigations 
appear in Tables II, III, and IV. 


III 


Effect of Autoclaving (16 Pounds Pressure for 30 Minutes) on Glucose, Lysine, 
and Glucose-Lysine Mixtures in Phosphate Buffer at Various pH Levels 


pH | Total nitrogen a-Amino nitrogen* 
Glucose-lysine 
mmoles mg. | mg. | meg. | per cent | 
50:0 3.2 3.0 0 54: fea. 
6.0 5.2 | | | ++ 
5.9 | | ++++ 
| 9.7 6:2 | | | ++++ 
6.5 | | ++++ 
6.0 (Un- 5.3 | + 
buffered | 
0:50 3.2 3.2 | 1396.9 1321.5 698.7 - 
6.0 6.0 1313.0 698.0 
8.0 8.0 1313.5 698.5 
9.7 9.7 | | 1312.8 | 698.1 — 
11.0 11.0 1314.2 | 698.5 
5.7 (Un- 5.6 | 1313.8 698.5 _ 
buffered | | | 
10:50¢ 3.2 3.2 | 1396.9 1319.1 | 698.3 | = 
6.0 5.5 1313.1 | 698.8 | | +++ 
8.0 7.5 502.9 28.0 ++++ 
9.7 8.0 «1314.5 497.3 28.8 | ++4+4+ 
11.0 7.8 | 1315.1 | 494.5 | 29.2 | ++++ 
5.6(Un- | 5.3 | 1314.7. 697.9 ++ 
buffered) | | | 


* a-Amino nitrogen is one-half of the total nitrogen. 
+ Comparable results were obtained on 10:10, 30:10, 10:30, and 10:50 mixtures. 


From the experiments in which the amino compound-glucose mixtures 
are autoclaved in unbuffered aqueous medium or at acid reaction, it ap- 
pears that browning may be due to the effect of the pH of the solution on 
the carbohydrate alone. The color development occurs at the same rate 
and to the same extent in the autoclaved solutions of glucose alone as in 
those of glucose heated with amino compounds, provided they are at the 
same pH. Under these non-alkaline conditions, the amino nitrogen of the 
autoclaved mixtures containing amino compounds is the same as that of 
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the unautoclaved samples. Total nitrogen values likewise are unchanged. 
Furthermore, paper chromatograms when developed with ninhydrin show 
only one spot having the same Ry value and intensity as that of the un- 
heated control, indicating that the amino compound remains intact. In 
these experiments the color development was found to be accompanied by 
a pH depression, as already pointed out. With aniline-phthalic acid the 


TaBLe IV 
Effect of Autoclaving (15 Pounds Pressure for 30 Minutes) on Glucose, Glutamic 
Acid, and Glucose-Glutamic Acid Mixtures in Phosphate Buffer 
at Various pH Levels 


pH Total nitrogen a-Amino nitrogen 
acid Before After Calcu- After auto- After auto; Cele 
autoclaving autoclaving lated | claving claving 
mmoles | meg. | me. me. per cent 
50:0 2.0 0 0 0) 
3.2 3.0 
6.0 + 
9.7 6.0 ger: 
6.0 (Un- 6.3 | + 
buffered | 
0:50 2.0 2.0 698.2 | 698.0 698.0 
3.2 | 698.2 698 .4 
6.7 6.0 | 698.2 
9.7 9.7 698.9 698 .4 
4.8 (Un- 4.8 698.5 698 .6 — 
buffered ) 
10: 50* 2.0 2.0 698.2 698.8 698 .2 
3.2 698.9 | 697.9 + 
§.6 | 698 .9 698 .0 tT 
7.9 698.5 535.5 23 
(Un- 4.4 699.0 698.1 | + 
buffered) 


* Comparable results were obtained on 10:10, 30:10, 10:30, and 10:50 mixtures. 


autoclaved mixtures gave one spot which had an Ry value corresponding 
to that of the unautoclaved glucose but much smaller in size. 

On the other hand, in the experiments carried out in alkaline buffers, 
pH depression, color formation, decrease in amino nitrogen, and appear- 
ance of an extra spot on the paper chromatograms developed with nin- 
hydrin were observed, indicating that both browning and the Maillard 
reaction had occurred. Moreover, when the solutions of glucose alone 
were compared with those of glucose and amino compounds, both solu- 
tions having been autoclaved in an alkaline medium at the same pH, it 
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was found that the extent of pH depression and of color formation was the 
same in both cases, changes that would hardly be observed if browning 
were the result of the Maillard reaction. These observations, together 
with those obtained with the mixtures autoclaved in unbuffered and acid 
solutions, suggest that the underlying mechanism of color development is 
the same at all pH values; it is completely independent of the concomitant 
interaction of amino compounds with glucose which takes place only in an 
alkaline medium. 


TABLE V 


Chromatographic Analysis* of Amino Compound-Glucose Mixtures Autoclaved 
in Alkaline Buffers 


After autoclaving (2 spots) 


Before 
autoclaving 
1 | Extra 
Rr Rr | RF 

0.40 0.40 | 0.22 
p-Glutamie acid... . 0.29 Longer spot with 2 humps 
0.79 0.79 (Smaller in size) 
Glycyl-pu-valine............ 0.80 .* 


* Paper chromatography (phenol-water; ninhydrin) for amino compound-glucose 
mixtures. In all autoclaved solutions treated with aniline hydrogen phthalate a 
spot was obtained which had an Rp value of 0.39, corresponding to that of the unau- 
toclaved glucose solution, but smaller in size. The size of the spot decreased with 
increasing pH levels. 


As stated earlier, the experiments were set up to determine the possible 
part played by the electronic state of the amino compounds in the Maillard 
reaction. From the results obtained with lysine autoclaved at pH 8.0 
and 11.0, it may be seen that a positive Maillard reaction can be demon- 
strated in all cases. This signifies that the electronic state of the amino 
acid has little effect on the interaction between amino compounds and 
reducing sugars. The same conclusions were drawn on the basis of other 
amino compounds studied, namely, with L-arginine, L-leucine, DL-valine, 
glycyl-L-leucine, and glycyl-pi-valine. In these latter experiments again, 
browning only was observed in the samples autoclaved in neutral and 
acidic medium, whereas in alkaline medium both browning and the Mail- 
lard reaction occurred. That a definite reaction did occur between amino 
compounds and glucose was evidenced also by the decrease in amino 
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nitrogen and by the appearance of an extra spot on the chromatograms 
developed with ninhydrin. The Ry values of this extra spot, together 
with those of the spot corresponding to the control amino acids, appear in 
Table V. 


DISCUSSION 


After numerous studies on proteins and allied compounds heated with 
carbohydrates, the over-all view-point persists that browning is the result 
of the interaction between amino compounds and reducing sugars as 
postulated for the first time by Maillard (1). The present study with 
model amino acid- and peptide-glucose mixtures further substantiates the 
view advanced previously (2, 3) that water has a definite inhibitory effect 
on this apparent interaction. However, it is now suggested that browning 
and the Maillard reaction occur independently of one another, the extent 
of each being determined by the conditions, most particularly by the 
degree of heating and the pH of the solution. 

Whereas Frankel and Katchalsky (14-16) had found a parallelism 
between the pH depression, browning, and the amino compounds-sugar 
interaction, our trial experiments showed a pH depression and browning 
but no amino compounds-sugar interaction, as evidenced by the amino 
nitrogen values as well as by chromatographic analyses. However, 
Englis and Dykins (17) failed to observe any decrease in a-amino nitrogen 
even in solutions in which marked sugar rotation changes were found. 
Kass and Palmer (18), in their study on the effect of buffers on lactose at 
autoclave temperatures, concluded that color development is related to 
the loss of optical activity and is accompanied by the development of 
acidity. However, Friedman and Kline (19) report that color formation 
per se is an inadequate criterion for evaluating this reaction. 

Sufficient evidence to propose the theory that browning and the Maillard 
reaction occur independently of each other is at hand. The _ present 
experiments have shown that the interaction between amino compounds 
and reducing sugars is limited to alkaline solutions and to the dry state. 
From our data it is also evident that browning appears to be due largely 
to the effect of pH on carbohydrates and not to the interaction of carbo- 
hydrates and amino compounds. <A definite interaction does occur be- 
tween amino compounds and reducing sugars in alkaline solutions, as 
evidenced by the appearance of an extra spot on the chromatograms when 
glycine, L-leucine, p-glutamic acid, L-lysine, and arginine were autoclaved 
with glucose. Similar results were obtained recently by Téiufel and 
Iwainsky (20), who concluded that the formed complex is usually com- 
posed of carbohydrates and amino compounds. More recent studies (21) 
have produced strong evidence that the type of compound formed in the 
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Maillard reaction is a glyconyl peptide. The assumption by many in- 
vestigators that browning was the result of the Maillard reaction was 
logical, if one considers that in alkaline solutions, in which the interaction 
between amino compounds and reducing sugars takes place, browning is 
at its maximum. However, the mechanism by which the Maillard reac- 
tion takes place in the dry state is the topic of continued investigation. 


The authors wish to express their appreciation for a research grant from 
the American Dairy Association which has made the present investigation 
possible. They would like also to acknowledge the cooperation of Dr. 
H. L. Sipple of the Evaporated Milk Association. 


SUMMARY 


The effect of water and pH on browning and the Maillard reaction was 
studied by comparing model amino acids and synthetic peptides autoclaved 
with and without glucose in the dry state and in buffered solutions. It is 
evident that browning appears to be due to the effect of pH on carbohy- 
drates only and not to the interaction of carbohydrates with amino com- 
pounds, whereas this interaction, the so called Maillard reaction, is limited 
and takes place in alkaline solutions. These findings were substantiated 
by chromatographic analyses as well as by the more conventional total 
nitrogen and amino nitrogen determinations. 
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EFFECT OF ETHIONINE AND FASTING ON THE FREE AMINO 
ACIDS OF RAT LIVER* 


By HARVEY M. LEVY, GRACE MONTANEZ, axnp MAX S. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles, California) 


(Received for publication, July 19, 1954) 


Little is known concerning the effect of biological antagonists on the 
concentration of tissue metabolites in vivo. Yet such knowledge would 
seem to be a prerequisite to understanding the physiological action of an 
antimetabolite. It has been observed that the concentration of some free 
amino acids in rat liver increased after prolonged treatment of the animals 
with pi-ethionine (1). In the work reported here, the concentration of a 
number of amino acids in rat liver was determined at various times after a 
single injection of ethionine. In order to relate the action of the antago- 
nist to the exogenous and endogenous supply of amino acids, experiments 
were conducted with both fed and fasted animals. Such studies may help 
to explain the retarding effects of ethionine on the growth of normal and 
tumor tissue of rats (1). 


EXPERIMENTAL 


Male rats of the Long-Evans strain, weighing 200 to 300 gm., grown from 
weaning on a diet of Rockland pellets with a weekly ration of lettuce, were 
divided randomly into groups of five animals. The experimental animals 
received 100 mg. (Experiment C) or 200 mg. (Experiment B) of piL-ethio- 
nine (U.S. Industrial Chemicals, Inc.) as an intraperitoneal injection of an 
aqueous solution containing 20 mg. of ethionine per ml. During the 
experimental period, control animals not receiving ethionine (Experiment 
A) were fasted along with the animals of Experiment B, while the animals 
in Experiment C were allowed free access to food. In each experiment, a 
group of animals was sacrificed every 4+ hours up to 24 hours after ethionine 
administration. 

The livers of the animals in each group were pooled and treated with 
tungstic acid by the method of Schurr e¢ al. (2) to obtain protein-free fil- 
trates (which contain some peptides) for the determination of tree amino 
acids. Glycine, lysine, and glutamic and aspartic acids were determined 
by the methods of Dunn eft al. (3). Serine and methionine were deter- 

* Paper No. 101. For the preceding related paper (No. 97) see Levy ef al. (1). 
This work was supported by Cancer Research Funds of the University of California. 
The authors are indebted to Mr. Edward A. Murphy for valuable suggestions and 
technical assistance. 
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mined by improved (unpublished) methods of Camien and Dunn, employ- | 
ing Lactobacillus casei for serine and Leuconostoc mesenteroides P-60 for | 


methionine. 

In five of the amino acid assays, the values were in good agreement over 
a wide range of concentrations, and showed no systematic variation with 
changes in concentration levels. The values reported in this paper for 
these amino acids (methionine, glycine, aspartic acid, lysine, and proline) 
are averages of values for not less than three and usually for five levels. 
The mean per cent deviation from the mean of values at different levels 
was calculated for each of twenty-four samples. For each assay, the 
averages and ranges of these calculated deviations are as follows: methi- 
onine 4.9 per cent (1.1 to 10.0), glycine 2.0 per cent (0.4 to 4.5), aspartic 
acid 2.1 per cent (0.6 to 4.4), lysine 4.1 per cent (0.8 to 7.9), and proline 
0.93 per cent (0.6 to 3.6). 

The values for glutamic acid and serine agreed well at low levels of sam- 
ple, but systematic drifts were observed at the higher levels (glutamic acid 
increased and serine decreased with increasing sample concentration). 
Because of these drifts at high levels, indicating interference by other sub- 
stances in the samples, the values obtained in these assays cannot be pre- 
sented as true concentrations of the test amino acid. They are, therefore, 
presented as activities, calculated from the volume of sample required to 
give half maximal growth response. 

The per cent nitrogen (IXjeldahl) of the pooled livers varied by less than 
3 per cent. The data are omitted to conserve space. 

Changes in the concentration of free amino acids during the 24 hour 
fasting period are shown in Table I, Experiment A. There were large 
transient changes in the serine activity of the liver, but only moderate 
fluctuations in the concentration (or activity) of the other amino acids. 
As a measure of control variation, the mean per cent deviation from the 
mean has been calculated for the three values representing untreated non- 
fasting animals (Experiment C, zero time) and animals fasted for 4 and 8 
hours (Experiment B). The deviations are methionine 3.3 per cent, serine 
31 per cent, glycine 6.5 per cent, lysine 17 per cent, proline 5.9 per 
cent, aspartic acid 12 per cent, and glutamic acid 16 per cent. Changes 
in experimental animals are considered significant when they exceed these 
deviations. Although the control values do not represent a specific state 
of food ingestion, data in the literature (2) indicate that the concentration 
of free amino acids in the livers of animals fed ad libitum up to the time of 
sacrifice does not vary significantly. Furthermore, the authors have shown 
(unpublished data) that the level of free amino acids in the livers of ani- 
mals fasted for 12 hours and then allowed to feed for 4 hours prior to sacri- 
fice is approximately the same as that of other controls. In another ex- 
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periment, some of the amino acids were determined for individual control 
animals. The following mean per cent deviations from the mean were 
determined for six samples: glycine 4.4 per cent, glutamic acid 5.3 per 
cent, and lysine 14 per cent. 


TABLE 
Effect of Ethionine and Fasting on Free Amino Acids of Rat Liver 


| 
Concentrationt of free amino acid 


Amino acid | Under experimental conditions 
| 0 hr. 4 hrs & hrs. | 12 hrs. | 16 hrs. 20 hrs. | 24 hrs. 
Methionine a 14.8 14.7 12.9; 15.9 | 13.4 
21.7 | 22.3; 16.8] 21.0 11.9 
c | 13.7¢] 18.1! 21.8) 22.2| 11.1] 12.4] 11.9 
Serine ey 122 | 293 | 172 90 345 
B | 150 87 | 80 70 173 
C | 274 | 210 76 «66 440 «282 
Glycine A | 368 306 353 297 273 
B 403 332 | 447 372 492 
C 343 412 | 473 400 444 | 463 | 439 
Lysine A 125 119 142 | 143 152 
B 220 169 169 199 224 
Gee 175 | 275 | 530 | 548 143 221 275 
Proline 36.8 | 32.4] 23.8! 28.2 27.4 
ge 23.8 | 27.0] 23.6] 28.5 26.2 
C 32.2 | 37.8] 38.7] 38.2] 33.4| 33.51! 41.0 
Aspartic acid A 118 86.5 | 107 121 101 
B 96.0 | 117 122 110 195 
C 95.2 | 112 105 129 163 166 | 219 
Glutamie acid A 890 728 754 715 685 
B 750 | 790 | 985 | 994 1850 
657 983 981 1150 1325 (1620 (1470 
| 


* Experiment A, no food from zero time; Experiment B, no food from zero time, 
200 mg. of pL-ethionine at zero time; Experiment C, food ad libitum, 100 mg. of pL- 
ethionine at zero time. 

t Amino acid, microgram per gm. of wet liver. Each value is for five (pooled) 
livers. 

t Control for all groups. 


RESULTS AND DISCUSSION 


The administration of 200 mg. of ethionine prior to the period of fasting 
significantly affected the concentrations of the free amino acids (Table I, 
Experiment B). The methionine concentration increased markedly (60 
per cent) by the 4th hour after injection of the ethionine, remained at a 
high level through the 16th hour, and fell to a value slightly below the 
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control by the 24th hour. Increases in the concentrations of glycine, 
lysine, aspartic acid, and glutamic acid became apparent at different times 
after ethionine administration. Serine activity, on the other hand, fell 
below the control level by the 8th hour, and was consistently low there- 
after, reaching a minimum between the 16th and 24th hours. The proline 
concentration was below the control for the first 8 hours, but was at the 
normal level for the remainder of the experimental period. 

In animals allowed food after the injection of 100 mg. of ethionine (Table 
I, Experiment C), changes occurred in the concentrations of the free amino 
acids which (except for proline) were directionally the same as in fasting 
animals treated with ethionine. However, the increases in lysine, aspartic 
acid, and glutamic acid were larger and were manifested earlier, and the 
maximal concentration of methionine, though quantitatively the same as 
in fasting animals, was not maintained for as long a period of time.  Be- 
tween the 12th and 16th hours after ethionine injection, the maximal 
concentration of methionine fell to a value slightly below control. Con- 
comitant with this, the extremely high concentration of lysine dropped to 
a subcontrol level, while the minimal concentration of serine rose to a value 
above control. These changes suggest that a partial or complete release 
from direct ethionine inhibition occurred at this time. 

The increases in the concentrations of methionine, glycine, lysine, as- 
partic acid, and glutamic acid, as a consequence of ethionine administra- 
tion, suggest that the utilization of these amino acids is decreased relative 
to supply. Conversely, the decrease in free serine following the injection 
of ethionine indicates interference with the supply or synthesis of this 
amino acid. The changes in free proline are not large enough or con- 
sistent enough to allow interpretation. 

The accumulation of amino acids induced by ethionine might be expected 
to be more rapid in feeding animals in which there is a continuous exogen- 
ous supply. This is true for lysine, glycine, and aspartic and glutamic 
acids. It is not apparent for methionine since the maximal concentration 
of this amino acid is reached early in the experimental period. The rela- 
tively constant maximal concentrations of glycine and methionine reflect 
an abnormal steady state in which, although the rate of utilization of these 
amino acids is below normal, there is a constant ratio of utilization to 
supply. In fasted animals treated with ethionine, the low supply of lysine 
causes no more than a moderate increase in the level of free lysine. In the 
feeding animals, however, exogenous lysine may accumulate and result in 
very high levels of the free amino acid in the liver. The drop in serine 
activity induced by ethionine, even in feeding animals, indicates a rapid 
rate of serine utilization along with inadequate synthesis. The sudden 
increase In free serine, which occurred in the feeding animals after the 12th 
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hour, is probably not due to ingested food. If this were true, other amino 
acids whose levels change after ethionine administration would tend to 


- increase at the same time, while, as a matter of fact, both lysine and methi- 


onine reached a minimum when serine was at a maximum. Also, in 
another experiment, the data of which are omitted to conserve space, it 
has been determined that animals fasted for 12 hours prior to ethionine 
administration, and then allowed to feed for 4 hours subsequent to the 
injection, do not have more than normal levels of any of the amino acids 
except methionine and glycine (which in every instance are considerably 
above normal by this time). 

All of the changes in the feeding animals are in harmony with the con- 
cept that direct ethionine inhibition was at least partially (perhaps tem- 
porarily) overcome by the 12th hour, after which time there occurred a 
rapid utilization of the accumulated methionine and lysine and a rapid 
synthesis of serine. It is interesting to note that the total level of serine 
and lysine in the fed animals remained fairly constant, despite the marked 
fluctuations in their levels. This indicates that lysine may contribute, 
directly or indirectly, to the synthesis of serine in the liver. The high levels 
of aspartic and glutamic acids, glycine, and lysine at the end of the ex- 
perimental period are indications of a persistent imbalance induced by 
ethionine. 

Because of the direct relationship of aspartic and glutamic acids to the 
tricarboxylic acid cycle, the increases in these amino acids, which con- 
tinue after the methionine level has returned to normal, may be an indica- 
tion of more lasting derangements produced by ethionine in other areas of 
metabolism only indirectly related to methionine. All of these data illus- 
trate the far-reaching effects in vivo of a metabolic antagonist such as 
ethionine. The marked changes induced in the levels of a number of 
amino acids, some not known to be related metabolically to methionine, 
point toward a rather general disturbance in the amino acid balance of the 
liver. It is apparent that caution must be exerted in describing the gross 
effects in vivo of a metabolic antagonist in terms of a specific reaction. 

In other experiments, some of the amino acid concentrations were deter- 
mined before and after hydrolysis of the protein-free filtrates. The differ- 
ences between these two values may be taken as a rough measure of bound 
(e.g., peptide) amino acids. Hydrolysis of the filtrates increased the values 
for lysine approximately 20 per cent, while increases of 100 and 150 per 
cent were observed for the activity of glutamic acid and glycine, respec- 
tively. Tlowever, the per cent changes after ethionine injection were not 
significantly altered by hydrolysis. Apparently both the bound and free 
amino acid concentrations are affected to the same extent. 

In animals receiving a daily injection of 50 mg. of ethionine for a period 
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of 1 month, the free methionine, threonine, glycine, and serine of hydrolyzed 
liver extract increased to the same extent (approximately 100 per cent) 
(1). This may reflect a general systemic catabolism in which the amino 
acid supply to the liver (from muscle tissue) exceeds the rate of utilization. 
The decrease in serine and the increases of other amino acids in the work 
presented here indicate early, and probably more direct, effects of ethionine 
on amino acid metabolism. Wu (4) and Wu and Bollman (5) reported 
that the concentration of a number of amino acids in the liver, kidney, and 
urine increased 6 hours after the injection of about 116 mg. of ethionine 
into young (130 to 160 gm.) rats previously fasted for 18 hours. 

Differences in the age or species of animal, diet, and method of extraction 
of amino acids may result in differences in the measured concentration of 
free amino acids in the liver. There is, for example, considerable variation 
in values for free methionine of rat liver reported in the literature (2, 6). 
Nevertheless, significant relative values may be obtained when the vari- 
ables in a given experiment are adequately controlled. 


SUMMARY 


Changes in the free amino acids of rat liver have been studied at differ- 
ent times after a single injection of pL-ethionine into male animals. 

There were increases in the concentration of methionine, glycine, lysine, 
and aspartic and glutamic acids. Serine activity of the liver was decreased. 
The possible significance of the observed changes has been discussed. 
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Bacteria—continued: 
See also Acrobacter, Escherichia, Strep- 
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Bacterial growth, effect, Avhara and 


Snell, 83 
Lysine antimetabolite, veast and 
algae, Walker, 207 


105 


105 


_ Dehydrogenase: Alcohol. 


INDEX 


Cancer: Sce also Lymphosarcoma, Mve- 
loma 
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and, reaction, factors affecting, 
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Carboxylic acid(s): Chromatography, 
Kinnory, Takeda, and Greenberg, 
379 
Cephalin(s): Configuration, determina- 
tion, Baer and Maurukas, 39 
Cerebrospinal fluid: Sugar, determina- 
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335 
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and Treadwell, 141 
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effect, Gergely, Gouvea, and Karibian, 
165 
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Bettelheim and Neurath, 
Amino terminal group, Bettelheim, 
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effect, Register and Bartlett, 741 
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lage, Doisy, Elliott, and Doisy, 
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witz and Cooperstein, 771 
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Dehydrogenase—continued: 
Glucose 6-phosphate. See Glucose-6- 
phosphate dehydrogenase 
8-Hydroxysteroid. See Hydroxyster- 
oid dehydrogenase 
Malic. See Malic dehydrogenase 
Detergent(s): Anionic, trypsin, effect, 
Viswanatha, Pallansch, and Liener, 
301 
Diet: Liver protein, methionine-S* 
incorporation into, effect, Putman, 
Rutman,and Tarver, 95 
Digestion: Triglyceride, hydrolytic 
products, Blankenhorn and Ahrens, 
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Embryo: Chick, inositol synthesis, 
Daughaday, Larner, and Hartnett, 
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—, porphyria, JValman, Case, Nevé, 
Labbe, and Aldrich, 663 


—, sulfate sulfur, radioactive,  in- 
corporation into taurine, Lowe and 
Roberts, 477 

—, taurine synthesis, sulfate sulfur 
utilization, Machlin, Pearson, and 
Denton, 469 

Enzyme(s): Hydrogen transfer, Loewus, 
T chen, and Vennesland, 787 
Talalay, Loewus, and Vennesland, 

801 

Orotic acid synthesis and breakdown, 
Lieberman and Kornberg, 909 

Pituitary, Melchior and Hilker, 187 

See also Chymotrypsin, Fumarase, etc. 

Escherichia coli: Growth, homoarginine 
effect, Walker, 617 

Mutant, purine-requiring, pentose- 
containing arylamine, Love and Gots, 


647 

Nucleotide utilization, Balis, Lark, 
and Luzzati, 6-41 
Esterase: Cholesterol. See Cholesterol 


esterase 
Thio-. See Thioesterase 
Ethionine: [Bacterial growth, effect, 


Kihara and Snell, 83 


Liver amino acids, free, effect, Levy, 


Montatiez, and Dunn, 985 
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Fasting: Liver amino acids, free, effect, 

Levy, Montatiez,and Dunn, 985 

— protein, methionine-S*® incorpora- 

tion into, effect, Rutman, Rutman, 

and Tarver, 95 

Fatty acid: Oxidation, tissue preference, 
Allen, Frizdmann, and Weinhouse, 

921 

Fibrinogen: Polymerization, hesperidin, 

phosphorylated, effect, Sheppard, 


Imperante, and Wright, 837 
Fumarase: Frieden and Alberty, 859 
G 
Gluconolactonase: Identification, Brodie 

and Lipmann, 677 
Glucosamine: .\-Acetyvl-. See Acetyl- 
glucosamine 
Glucose: Catabolism, glycolysis, Bloom 
and Stetten, 555 
Formation,  lactate-3-C'’, relation, 
Eisenberg, 501 
Oxidation, tissue preference, Allen, 
Friedmann, and Weitnhouse, 921 
Glucose-6-phosphate dehydrogenase: 
Adrenal, Kelly, Nielson, Johnson, 
and Vestling, 545 
Glucuronic acid: Formation, lactate-3- 
relation, Eisenberg, 501 


Glutaminase: Kidney, vitamin Bs de- 
ficiency, effect, Beaton and Goodwin, 
195 
Glutamyl peptide(s): biosynthesis, 
Williams, Litwin, and Thorne, 427 
Glycerate: Phospho-. See Phospho- 
glycerate 
Glyceride: Tri-. See Triglyceride 
Glycerolphosphatide(s): Diazometholy- 
sis, Baer and Maurukas, 39 
Glycerophosphoryl ester(s): Tissues, 
Schmidt, Greenbaum, Fallot, Walker, 
and Thannhauser, S887 
Glycine: Acetate-2-C'! conversion to, 
Gardner lymphosarcoma, Ait, 311 
Nucleic acid purine precursors, tumor- 
bearing mice, Barclay and Garfinkel, 
397 
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Glycogen: Muscle phosphorylase action, 
Larner, 9 
Glycolysis: Glucose catabolism, Bloom 
and Stetten, 555 
Growth: S-Allyl-pt-homocysteine, ef- 
fect, Stevens, Johnson, and Wata- 


nabe, 49 
H 
Hemagglutinin: Phyto-. See Phyto- 
hemagglutinin 


Hesperidin: Phosphorylated, fibrinogen 
polymerization, effect, Sheppard, 
Imperante, and Wright, 837 

Histamine: Determination, isotopic de- 
rivative use, Schayer, Kobayashi, and 
Smiley, 593 

Histidine: Biosynthesis, imidazoleglyc- 


erol phosphate,  imidazoleacetol 
phosphate, and histidinol phosphate 
relation, Ames and Mitchell, 687 
Histidinol phosphate: Histidine bio- 
synthesis, relation, Ames and 
Mitchell, 687 


Homoarginine: Arginine antimetabolite, 
yeast and algae, Walker, 207 
Escherichia coli growth, effect, Walker, 
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Lysine antimetabolite, yeast and 
algae, Walker, 207 
Homogentisic acid oxidase: Liver, 
Crandall, 565 


Hyaluronic acid: Biosynthesis, strepto- 
eoccus group A, N-acetylglucosa- 
mine origin, Dorfman, Roseman, 
Moses, Ludowieg, and Mayeda, 583 

Light seattering, Laurent and Gergely, 
325 

Hydrocortisone: Carbon 14-labeled, ra- 
diometabolites, metabolism, Wyn- 
gaarden, Peterson, and Wolff, 963 

Hydrogen: Transfer, enzymatic, Loewus, 
Tchen, and Vennesland, 787 
Talalay, Loewus, and Vennesland, 

801 

—, #-hydroxysteroid dehydrogenase 
role, Talalay, Loewus, and Vennes- 
land, 801 


—, malic dehydrogenase réle, Loewus, 
Tchen, and Vennesland, 
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Hydroxysteroid dehydrogenase: 
hydrogen transfer, rdle, 
Loewus, and Vennesland, 


B- 
Talalay, 
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I 
Imidazoleacetol phosphate: Histidine 
biosynthesis, relation, Ames and 
Mitchell, 687 
Imidazoleglycerol phosphate: Histidine 
biosynthesis, relation, Ames and 
Mitchell, 687 
Inositol: Synthesis, rat, immature, and 
embryo, chick, Daughaday, Larner, 
and Hartnett, 869 
Iridophycus flaccidum: Carbon dioxide, 
carbon 14-labeled, assimilation, Bean 
and Hassid, 411 
Iron: Complexes, porphyrin, chromatog- 
raphy, paper, Chu and Chu, 1 


K 


Kidney: Glutaminase, vitamin Be, de- 
ficiency, effect, Beaton and Goodwin, 

195 

Leucine aminopeptidase, isolation and 
properties, Spackman, Smith, and 


Brown, 255 
See also Nephrosis 
L 
Lactate: Carbon 14-labeled, glucose 
from, Evsenberg, 501 


— —, glucuronic acid from, Eisenberg, 
501 
Lactonase: Glucono-. See Gluconolac- 
tonase 
Lead: Blood, removal, calcium, phos- 
phorus, and vitamin D effect, Sobel 
and Burger, 105 
Bone, removal, calcium, phosphorus, 
and vitamin D effect, Sobel and 


Burger, 105 
Leucine aminopeptidase: Smith and 
Spackman, 271 
Kidney, isolation and _ properties, 
Spackman, Smith, and Brown, 255 


Lipide: Metabolism, nephrosis, Marsh 
and Drabkin, 633 
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Liver: Aldehyde oxidase, cytochrome 
oxidase reduction, effect, Hurwitz 
and Cooperstein, 771 

Amino acids, free, ethionine and fast- 
ing effect, Levy, Montafiez,and Dunn, 
985 
Betaine-homocysteine transmethylase, 
Ericson, Williams, and Elvehjem, 
537 
Homogentisic acid oxidase, Crandall, 
565 
Nucleic acid, Olmsted and Villee, 179 
Protein, methionine-S® incorporation 
into, diet and fasting effect, Rut- 
man, Rutman, and Tarver, 95 
Transmethylation and vitamin Bie, 
Mistry, Vadopalaite, Chang, Firth, 
and Johnson, 713 
Vitamin Bis, Pitney, Beard, and Van 
Loon, 117 

Lymphosarcoma: Gardner, acetate-2- 
C'4 conversion to glycine, Kit, 311 

Lysine: Canavanine as antimetabolite, 
yeast and algae, Walker, 207 

Homoarginine as antimetabolite, yeast 
and algae, Walker, 207 
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Malic dehydrogenase: Hydrogen trans- 
fer, rdle, Loewus, Tchen, and Vennes- 


land, 787 
Methionine: Deficiency, tissue sulf- 
hydryl compounds, non-protein, 


cold and restraint, effect, Register 

and Bartlett, 741 

Sulfur 35-labeled, liver protein in- 

corporation, diet and fasting effect, 

Rutman, Rutman, and Tarver, 95 

Monoiodotyrosine: Formation, thyroid 
effect, Wyngaarden and Stanbury, 

151 

Intermediate iodine complex forma- 

tion, thyroid effect, Wyngaarden and 


Stanbury, 151 
Mucopolysaccharide(s): Metabolism, 
skin, acetate, labeled, relation, 
Schiller, Mathews, Goldfaber, Ludo- 
wieg, and Dorfman, 531 
Mucoprotein: Component, urine, visual, 
Porter and Tamm, 135 
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Mucoprotein—continued: 

Urine, virus-reacting, ultracentrifuga- 

tion, Tamm, Bugher, and Horsfall, 
125 
Muscle: Phosphorylase, glycogen and 
amylopectin, action, Larner, 9 
Myeloma: Bence-Jones protein, origin, 
Putnam and Hardy, 361 
Protein and nitrogen, metabolic, and, 
interaction, Hardy and Putnam, 371 
Myosin: Fragmentation, chymotrypsin 
effect, Gergely, Gouvea, and Karibian, 
165 


N 


Nephrosis: Carbohydrate metabolism, 
Drabkin and Marsh, 623 
Lipide metabolism, Marsh and Drab- 


kin, 633 
Protein metabolism, Drabkin and 
Marsh, 623 


Nitrogen: Metabolic, myeloma protein 
and, interaction, Hardy and Putnam, 


371 
Nucleic acid(s): Liver, Olmsted and Vil- 
lee, 179 


Purines, glycine and adenine as pre- 
cursors, tumor-bearing mice, Bar- 
clay and Garfinkel, 397 

Turnover rate, vitamin E relation, 


Dinning, 735 
Nucleoprotamine: Protein, nitrogen 
terminal, Mason and Peterson, 485 


Quinone and, reaction, Mason and 


Peterson, 485 
Nucleotide(s): Pyridine. See Pyridine 
nucleotide 
Utilization, Escherichia coli, Balis, 
Lark, and Luzzati, 641 


O 


Orotic acid: Synthesis and breakdown, 
enzymatic, Lieberman and Kornberg, 
909 
— — —, ureidosuccinase relation, Lie- 
berman and Kornberg, 909 

See also Ureidosuccinase 
Oxalacetic carboxylase: Biotin, bound, 
Lichstein, 217 
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Oxidase: Aldehyde. 
dase 
Cytochrome. See Cytochrome oxidase 
Homogentisic acid. See Homogentisic 
acid oxidase 


See Aldehyde oxi- 


Pp 


Pancreas: Cholesterol esterase, Swell 
and Treadwell, 141 
Pectin: Amylo-. See Amylopectin 
Pentose: -Containing arylamine, Esch- 
crichia coli mutant, Lore and Gots, 
647 
Peptide(s): Bacterial growth, relation, 
Kihara and Snell, 83 
y-Glutamyl. See Glutamy! peptide 
Trypsinogen, Davie and Neurath, 
515 
Phaseolus vulgaris: Phytohemaggluti- 
nin, Rigas and Osgood, 607 
Phosphatide(s): Glycerol-. See Glyc- 
erolphosphatide 
Phosphatidyl serine(s) : Baer and Mauru- 
kas, 25 
Configuration, Baer 
and Maurukas, 39 
Phosphoglycerate : Phosphopyruvate 
formation from, blood cells, red, 
Boszormenyi-Nagy, 495 
Phosphopyruvate: Formation from phos- 
phoglycerate, blood cells, red, Bos- 
zormenyi-Nagy, 495 
Phosphorus: Blood and bone lead re- 
moval, effect, Sobel and Burger, 


determination, 


105 
Phosphorylase: Muscle, glycogen and 
amylopectin, action, Larner, y 


Phytohemagglutinin: Phaseolus vulgaris, 

Rigas and Osgood, 607 

Pigment(s): Non-steroidal, urine, re- 

moval, charcoal use, Lombardo, 
Viscelli, Mittelman, and Hudson, 

353 

Pituitary: linzymes, Velchior and Hilker, 

187 

See Muco- 


Polysaccharide(s): Muco-. 
polysaccharide 

Porphyria: embryo, chick, Valman, Case, 
Nevé, Labbe, and Aldrich, 


665 
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Porphyrin(s): Iron complexes, chroma- 
tography, paper, Chu and Chu, 1 
Metabolism, Jalman, Case, Nevé, Labbe, 
and Aldrich, 663 
Proline: Nitrogen terminal, protamine 
and nucleoprotamine, Mason and 


Peterson, 485 
Protamine: Nucleo-. See Nucleopro- 
tamine 
Proline, nitrogen terminal, Mason and 
Peterson, 485 
Quinone and, reaction, Mason and 
Peterson, 485 
Protein(s) : Amino acids, sulfur-contain- 
ing, incorporation into, wounds, 
Williamson and Fromm, 705 


Bence-Jones, myeloma, origin, Put- 
nam and Hardy, 361 
Blood serum, selenium 75-labeled, 
McConnell and Van Loon, 747 
Liver, methionine-S*® incorporation 
into, diet and fasting effect, Rut- 
man, Rutman, and Tarver, 95 
Metabolism, nephrosis, Drabkin and 
Marsh, 623 
Muco-. See Mucoprotein 
Myeloma, nitrogen, metabolic, and, 
interaction, Hardy and Putnam, 
371 
Ribonucleo-. See Ribonucleoprotein 
Synthesis, in vitro, Rutman, Rutman, 
and Tarver, 95 
Thyroxine-binding, blood serum, elec- 


trophoresis, Robbins, Petermann, 
| and Rall, 403 
Pseudomonas ffluorescens: Pyridine 
nucleotide transhydrogenase, San 


Pietro, Kaplan, and Colowick, 941 
Purine(s): Metabolism, bacteria, Love 
and Gots, 647 
Nucleic acid, glycine and adenine as 
precursors, tumor-bearing mice, Bar- 
clay and Garfinkel, 397 
Pyridine nucleotide(s): Determination, 
fluorometric, Aring and Williams, 


751 

Precursor metabolism, Burch, Storvick, 
Bicknell, Kung, Alejo, Everhart, 
Lowry, King, and Bessey, 897 
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Pyridine nucleotide transhydrogenase: 
Pseudomonas fluorescens, San Pietro, 
Kaplan, and Colowick, O41 

Pyrimidine(s): Streptococcus 
effect, Puleston, Poe,and Witt, 319 

Pyruvate: Phospho-. See Phosphopyru- 
vate 


Q 


Quinone(s): N ucleoprotamine and, reac- 
tion, Mason and Peterson, 485 


faecalis, 


Peterson, 485 | 
R 
Ribonucleoprotein: Preparation, yeast, 
Bonar and Duggan, 697 
Sarcoma: Lympho-. See Lymphosar- | 


coma 


Sedoheptulose diphosphate: Formation, | 


tetrose phosphate relation, Horecker, 
Smuyrniotis, Hiatt, and Marks, 827 


Selenium: Mass 75, blood serum protein, | 


McConnell and Van Loon, 747 | 


Serine: Phosphatidyl. See Phospha- 
tidyl serine 
Serotonin: Urine, Bumpus and Page, 
111 


Skin: Mucopolysaccharide metabolism, 


acetate, labeled, relation, Schiller, | 
Mathews, Goldfaber, Ludowieg, and | 


Dorfman, 531 
Sodium: Bone, determination, Forbes 
and DD’ Ambruso, 655 


Urine, determination, Vanatia and Cor, 
599 
Soy bean: Sce Bean 

Spinal fluid: See Cerebrospinal fluid 
Steroid(s): Blood, extraction, Lombardo, 
Mann, Viscelli, and Hudson, 345 
Streptococcus: Group A, hyaluronic 
acid biosynthesis, .V-acet viglucosa- 
mine origin, Dorfman, Roseman, 
Moses, Ludowieg, and Mayeda, — 588 
Streptococcus faecalis: Pyrimidine ef- 
fect, Puleston, Poe, and Witt, 319 
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Succinase: Ureido-. See Ureidosucci- 
nase 

Sugar: Cerebrospinal fluid, determina- 
tion, anthrone reagent use, Roe, 

335 

Sulfate: Sulfur, radioactive, incorpora- 

tion into taurine, embryo, chick, 

Lowe and Roberts, 477 

— util'zation, taurine synthesis, em- 

brvo, chick, Machlin, Pearson, and 


Denton, 469 


Protamine and, reaction, VWason and | Sulfhydryl compound(s): Non-protein, 


tissue, methionine deficiency, cold 
and restraint, effect, Register and 
Bartlett, 741 
Sulfur: -Containing amino acids, in- 
corporation into proteins, wounds, 
Williamson and Fromm, 705 
Sulfate, radioactive, incorporation 
into taurine, embryo, chick, Lowe 
and Roberts, 477 
— utilization, taurine synthesis, 
embryo, chick, Machlin, Pearson, 
and Denton, 469 


T 


Taurine: Sulfate sulfur, radioactive, in- 
corporation into, embryo, chick, 
Lowe and Roberts, 477 

Svnthesis, sulfate sulfur utilization, 
embryo, chick, Machlin, Pearson, 
and Denton, 469 

Temperature: See also Cold 

Tetrose phosphate: Sedoheptulose di- 
phosphate formation, relation, Ho- 
recker, Smyrniotis, Hiatt, and Marks, 


$27 

Thienylalanine: Bacterial growth, ef- 
fect, Athara and Snell, 83 
Thioesterase: Brain, Strecker, Vela, 
and Waelsch, 223 


Thyroid: Monoiodotyrosine and inter- 
mediate iodine complex formation, 
effect, Wyngaarden and Stanbury, 

151 

Thyroxine: -Binding protein, blood se- 
rum, electrophoresis, Robbins, Pe- 
termann, and Rall, 403 


1006 INDEX 
Transaldolase: Yeast, Horecker and | Urine: Mucoprotein component, visual, 
Smyrniotis, 811 Porter and Tamm, 135 
Transhydrogenase: [Pyridine nucleo- —, virus-reacting, ultracentrifugation, 
tide. Sce Pyridine nucleotide trans- Tamm, Bugher, and Horsfall, 125 
hydrogenase Pigments, non-steroidal, removal, 
Transmethylase: Betaine-homocysteine. charcoal use, Lombardo, Viscelli, 
See Betaine-homocysteine _ trans- Mittelman, and Hudson, 353 
methylase Serotonin, Bumpus and Page, 111 
Transmethylation: Vitamin Biz and, Sodium, determination, Vanatta and 
liver, Mistry, Vadopalaite, Chang, Coz, 599 
Firth, and Johnson, 713 V 
Triglyceride: Digestion, hydrolytic | Valine: Metabolism, isotope use, Kin- 
products, Blankenhorn and Ahrens, nory, Takeda, and Greenberg, 385 
69 | Virus: -Reacting urine mucoprotein, 
Triose phosphate(s): Determination, ultracentrifugation, Tamm, Bugher, 
Beck, 847 and Horsfall, 125 
Trypsin: Chymo-. See Chymotrypsin Vitamin: B, deficiency, renal gluta- 
Detergents, anionic, effect, Viswa- minase, effect, Beaton and Goodwin, 
natha, Pallansch, and Liener, 301 195 
Inhibitor, soy bean, terminal groups, Biz, liver, Pitney, Beard, and Van Loon, 
Davie and Neurath, 507 117 
Trypsinogen : Chymo-. See Chymotryp- —, transmethylation and, liver, Mis- 
sinogen try, Vadopalaite, Chang, Firth, and 
Peptide, Davie and Neurath, 515 Johnson, 713 
Tryptophan: Acetate-1-C'* conversion C. See also Ascorbic acid 


to, Aerobacter aerogenes, Rafelson, 
953 
Acetyl-. See Acetyltryptophan 
Tumor: -Bearing mice, glycine and 
adenine as precursors of nucleic 
acid purines, Barclay and Garfinkel, 


397 

Tyrosine: Monoiodo-. See Monoiodoty- 
rosine 

Solutions, aqueous, radiolysis, Row- 

hottom, 77 


Urease: Sedimentation, Auff, Hogeboom, 
and Striebich, 439 
Ureidosuccinase: Orotic acid synthesis 
and breakdown, relation, Lieberman 


and Kornberg, 909 


D, blood and bone lead removal, effect, 


Sobel and Burger, 105 

I, nucleic acid turnover rate, relation, 

Dinning, 735 
WwW 


Wound: Amino acids, sulfur-containing, 
incorporation into proteins, William- 
son and Fromm, 705 


Y 
Yeast: Arginine, canavanine and homo- 
arginine as antimetabolites, Walker, 
207 
Lysine, canavanine and homoarginine 
as antimetabolites, Walker, 207 
Ribonucleoprotein preparation, Bonar 
and Duggan, 697 


Transaldolase, Horecker and Smyrni- 
otis, 811 
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The Third International Congress of Biochemistry will take 
place in Brussels, Belgium, August 1-6, 1955, under the Presidency 
of Professor E. J. Bigwood. The Congress has been organized by 
the Societé Belge de Biochimie under the auspices of the Inter- 
national Union of Biochemistry. The General Secretary is Pro- 
fessor Claude Liébecq, 17 place Deleour, Liege, Belgium. The 
scientific program will include symposia, communications and two 
general lectures. The general lectures will be delivered at the open- 
ing and closing sections of the Congress as follows: 

Proressor Cart Marrivs (Physiologisch-Chemisches 
Institut der Universitat, Wirzburg), Thyroxin und Oxyda- 
five Phosphorylierung 

PROFESSOR VINCENT DU ViIGNEAUD (Cornell University 
Medical College, New York), The Hormones of the Posterior 
Pituitary 

Further information and registration forms can be obtained in 
the United States from the American Express Company, Ine., 65 
Broadway, New York 6, or 253 Post Street, San Francisco, Cali- 
fornia. 
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Practical Methods in 
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By Frederick C. Koch, Ph.D.., 
and Martin E. Hanke 
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